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Abstract 
The fonnation of a cathodically-induced precipitate of aluminium (oxy)-hydroxide is 
optimised for large palladium working electrodes (> 1 cm2), when a reductive current 
of -20 mA cm-2 is applied to the hydrogen sorbing cathode. Cmcial in the experi-
mental design is that the working and counter electrodes are parallel to each other. This 
maintains an even current distribution and hence precipitate fonns across the whole 
surface of the electrode. A method for reusing the palladium for repeated hydrogen 
sorption has been established, so that the palladium could be used indefinitely. The 
method requires cleaning the palladium in sulfuric acid, acetone and cerium(IV) sul-
fate solution to remove deposit residue, organics and hydrogen respectively. 
The aluminium (oxy)-hydroxide film fonned by cathodically-induced precipitation is 
shown to have 10 wt % sulfate content. Aluminium accounted for 24 wt % of the film 
and the rest was oxygen and hydrogen. Temperature resolved X-ray diffraction was 
used to transfonn the amorphus film to a-alumina by in-situ heating. XRD patterns 
taken as the film was heated revealed a y-alumina phase between 900°C and 1100 cC. 
An electrochemical quartz crystal nanobalance (EQCN) study demonstrated that dis-
solution of the precipitate is possible. The aluminium (oxy)-hydroxide film is hygro-
scopic, and this property allowed it to be used as the active component in a humidity 
sensor. 
A practical humidity sensor can be made using a cathodically-induced precipitate of 
aluminium (oxy)-hydroxide as the sensing film, prepared using a twin working elec-
trode set up. After being dried in air the film fonned between the twin electrodes could 
be incorporated into a suitable circuit and tested for its response to relative humidity. 
When tested for a response a linear correlation could be obtained if a 100 mV ac signal 
is applied at a frequency of 1 kHz. The measured impedance could be taken to give a 
linear response with a Pearson's product moment correlation coefficient of greater than 
0.91 in one out of three films tested. The linearity of response is shown to be compa-
rable to commercial sensors available. The inconsistency in the humidity response is 
attributed to the random nature of precipitate fonnation. A linear humidity response 
with a Pearsons product moment correlation up to 0.96 is possible with aluminium 
(oxy)-hydroxide film. 
Cathodically-induced precipitation using a hydrogen sorbing cathode can be used to 
xiv 
produce a range of metal and mixed metal (oxy)-hydroxides. A precipitate prepared 
from mixed indium and yttrium sulfate solution is characterised and a metastable phase 
with a fluorite structure is observed between 600 QC and 1000 QC. 
A positive electrode battery material (LiMn 1 Co 1 Ni 1 02) is prepared using cathod-
J J 3 
ically-induced precipitation. The material which contained lithium, nickel(II), man-
ganese(II) and cobalt(II) oxides is formed and successfully tested as a rechargeable 
battery material. This new route for the synthesis of the secondary electrode material 
requires less energy than previously published methods. The material demonstrates ex-
cellent cyclic reproducibility between currents of 0.1 mA and I J.LA. A voltage window 
between 3 V and 4.5 V versus LilLi+ is tested. At low currents and between 2.6 V and 
3 V the material can be used as a primary battery. The reduction of sulfate is proposed 
as the electrode reaction. The primary battery set up lasts for at least 7 d at a current of 
10 J.LA. 
A first order phase transformation of palladium to f3-palladium hydride is identified. A 
nucleation loop observed during hydrogen loading of a palladium coated quartz crystal 
clearly shows nucleation-growth kinetics. This is shown to be diagnostic of a first order 
phase transformation. 
xv 
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E potential 
Eapp applied potential 
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I current 
m mass 
Q charge 
t time 
T temperature 
v frequency 
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sus the standard hydrogen electrode. The electrolyte used is sodium chloride 
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AFM atomic force microscopy. 
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EOX energy dispersive X-ray analysis. 
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ICP·MS inductively coupled plasma mass spectrometry. 
IR infrared spectroscopy. 
LiILi+ lithium reference electrode used for experiments in organic solvents. The exact 
potential depends on the reaction set up between the lithium and the solvent or 
electrolyte, but is approximately -3 V versus the standard hydrogen electrode. 
PVDF polyvinylidine difluoride. 
RH relative humidity. The ratio of the actual water content in an atmosphere to the 
saturated value of water in the same atmosphere. 
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XRD X-ray diffraction. 
xvii 
1. Introduction 
Gas sensing is required by many industries for quality control as well as monitoring 
lower level explosion limits. Gas sensors are also used in domestic white goods, for 
example in tumble dryers to monitor humidity content. Air quality is an increasingly 
important application for gas sensors, with control over oxygen and humidity desirable 
in atmospheres to ensure maximum productivity. The military fund research into gas 
sensors with a particular interest in detecting harmful gases which could be used during 
warfare. Combustion processes also utilise gas sensors for monitoring gaseous products 
or concentrations of starting gases. For instance, a zirconium oxygen sensor is typically 
used in car engines to ensure an air to fuel ratio of 15:1, which facilitates complete 
combustion of petrol. 
A major driving force for innovation in gas sensors is increased legislation in the area of 
health and safety.! European gas sensor sales were worth $280 million in 2001 with the 
UK having an 18.6% share of the market. Over 40 universities in the UK were involved 
in 2001 in gas sensor research across a range of disciplines. A report produced for the 
gas sensors and analysis group in 2006 detailed 30 universities gas sensing research 
activities in 10 westem European countries.2 This report concluded that gas sensor 
research was still active, with many universities working in partnership with industry. 
The two main forms of gas sensors being actively researched were optical sensors and 
metal oxide sensors. The four main types of gas sensing technology used by industry 
are summarised in the next section. 
1.1. Gas senSing technologies 
Metal oxide sensors rely on the interaction of the target gas with the surface and subse-
quent detectable change in an electrical parameter. A wide range of metal oxide sensors 
have been studied to optimise sensitivity and selectivity, with typical sensors fabricated 
from tin oxide or tungsten oxide. The advantages of metal oxide sensors are the low 
production costs and the tolerance to industrial atmospheres, especially if calibrated in 
the atmosphere to be monitored. The disadvantage of metal oxide sensors is the lack of 
sensitivity and selectivity compared to other methods. 
Optical technologies typically use mid infrared identification for detection of gases. 
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New optical sensors are emerging, which use laser techniques3 or miniature spectrom-
eters.4 Optical techniques are highly selective and sensitive. However they often cannot 
be used in industrial environments, although the use of fibre optics can allow remote 
monitoring. The main disadvantage is the cost of producing and maintaining the in-
strumentation. Unlike metal oxide sensors, calibration of individual gas sensing units 
is not always necessary. 
Combustion type sensors rely on measuring heat changes caused by combustion of a 
target gas. These sensors do not discriminate between gases in a mixed atmosphere of 
combustible gases. Combustion type sensors are cheap to produce and easy to replace. 
Sensors for detecting gases have also been developed utilising aqueous electrochemical 
techniques. These sensors rely on a gas, or the product of a reaction of a gas with 
a solution species, undergoing an electrochemical oxidation or reduction. The charge 
can then be related to the amount of gas present. Aqueous electrochemical sensors are 
relatively cheap and can be made selective and sensitive to target gases. 
1.2. Formation of precipitate 
The main focus of this thesis is on the cathodically-induced precipitation of metal oxide 
precursors. Before outlining the aims for this thesis, it is instructive to give a brief 
overview of the technique used. 
If hydrogen is evolved at an electrode surface, via the electrolysis of water, then a local 
rise in pH is observed.' 
(R.1.l) 
If a species in solution chemically reacts with the resultant local high concentration of 
hydroxide, or reacts under basic conditions, then a chemical reaction will take place 
near the electrode surface. If the formation product of this reaction is insoluble, a 
precipitate will be formed. This will coagulate (a term taken from sol chemistry) either 
on the surface of the electrode or fall to the bottom of the cell. This process is the basis 
for the formation of precipitates investigated in this thesis. 
If the hydrogen produced is sorbed by the electrode, then bubbles do not form and there-
fore do not affect the formation of the precipitate. Palladium metal is well known to 
absorb hydrogen at a rate sufficient to prevent bubble formation. It is a good electrode 
material because it is relatively inert. The sorption of hydrogen is important for pre-
cipitate formation, because bubbles do not disrupt the hydroxide layer or coagulating 
precipitate. This facilitates efficient and unimpeded precipitate formation. 
'In this thesis chemical reactions will be preceded with an R to distinguish them from equations 
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The phrase cathodically-induced precipitation will be used throughout this thesis. This 
phrase refers to the overall process. That is to say: 
I. the raising of the pH local to the cathode surface by an electrochemical method; 
2. the reaction of hydroxide with a solution species to form an insoluble chemical 
species; 
3. the subsequent precipitation of this species on the electrode surface via coagula-
tion. 
Precipitate will refer to the solid material formed under basic conditions, which coag-
ulates on the electrode surface. The word 'film' will refer to the dried deposit, which 
has formed an adhered layer on the surface of the electrode after exposure to air. 
1.3. Aims 
The initial driving force for this work was the development of metal oxide based gas 
sensors from cathodically-induced precipitation. This work was initiated by Mitchell 
and Wilcox5 and then continued by Wallace. 6, 7 The first aim of the present work was 
to develop an understanding of the electrochemical conditions necessary to form a pre-
cipitate. The second aim was to characterise the film formed to its response to a gas. 
Water vapour was chosen as the gas tested, because it was easy to set up and could be 
used at room temperature. Typically metal oxide sensors are used at high temperatures 
to eliminate the effect of water. The final aim for the work was to demonstrate the range 
of use of the cathodically-induced precipitation technique. 
1.4. Overview 
The structure of the thesis is based on the steps required to produce a cathodically-
induced precipitate and its subsequent use as a sensor. After a literature review in 
chapter 2, organised in the same general way, chapter 3 details the experimental work 
undertaken. Chapter 4 examines the hydrogen sorption reaction on palladium. Chap-
ter 5 details the conditions necessary for optimal precipitate formation of aluminium 
(oxy)-hydroxide as well as its comprehensive characterisation. Chapter 5 ends with 
a discussion of the mechanism of formation of the precipitate. The response of the 
aluminium (oxy)-hydroxide to relative humidity and characterisation of the electrical 
response is given in chapter 6. Chapter 7 extends the cathodically-induced precipita-
tion technique to a range of other metal and mixed metal (oxy)-hydroxides. Chapter 7 
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ends by outlining work on a positive electrode material for a lithium ion battery formed 
through cathodicaUy-induced precipitation. Overall conclusions and potential future 
work are discussed in chapter 8. 
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In this chapter a review of relevant literature will be undertaken. Firstly, literature 
detailing hydrogen sorption into palladium will be reviewed, followed by electropre-
cipitation of cathodic thin films and finally humidity sensors. 
2.1. Hydrogen sorption into palladium 
Hydrogen sorption into palladium metal has been the focus of research for over ISO 
years. A complete review is well beyond the scope of this thesis and is probably beyond 
the scope of any book. However it will be useful to highlight some of the major areas 
of study of the hydrogen and palladium system, before focusing on research specific 
to the electrochemical quartz crystal nanobalance (EQCN) and to phase changes. The 
main areas of interest are summarised in the list below: 
• the surface interaction of hydrogen with palladium (adsorption and desorption); 
• the interaction of hydrogen with bulk palladium (absorption); 
• the structure and stoichiometry of resultant palladium hydrides; 
• hydrogen storage; 
• cold fusion. 
Theoretical approaches to the hydrogen evolution reaction have concluded that two 
reaction schemes are possible. The two reaction schemes are known as the Volmer-
Heyrovsky pathway and the Volmer-Tafel pathway. The first reaction step (R.2.1) is 
common to both reactions and involves the formation of an adsorbed hydrogen species 
on the surface of the electrode. The examples given apply to basic solution, however 
hydroxonium can also be the proton source. 
(R.2.1) 
Reactions R.2.2 and R.2.3 show two possible pathways for hydrogen evolution to occur. 
Reaction R.2.2 illustrates the Volmer-Heyrovsky pathway and reaction R.2.3 illustrates 
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the Volmer-Tafel pathway. There has been a large amount of time and effort expended 
on the two reaction mechanisms, and which is the most important under different reac-
tion conditions. 8,9 
(R.2.2) 
2Pd-Had, ->2Pd+H2 (R.2.3) 
Bockris 10 has applied this to the mechanism on palladium. For palladium a very sig-
nificant reaction is the absorption of hydrogen (R.2.4). 
Pd - Had, -> Pd - Habs (R.2.4) 
This reaction represents the transfer of hydrogen from the surface to the bulk palladium. 
Interest has arisen in a subsurface species of hydrogen,! I, 12 which has a chemical state 
differing from that of the surface species and that of hydrogen in the bulk. Neutron 
spectroscopy was used by Nicol et aLII to identify a subsurface species of hydrogen. 
Sykes et al. 12 used scanning tunnelling microscopy to observe and manipulate sub-
surface hydrogen. These authors calculated that the subsurface hydride depleted the 
surface palladium atoms of charge. This surface charge depletion affected the stability 
of adsorbed hydrogen atoms. Angle resolved photoelectron spectroscopic studies by 
Eberhardt et al. 13, 14 investigated the palladium (111) hydrogen surface. These authors 
found that below temperatures of 250 K an ordered hydrogen layer was formed with an 
H-Pd bond length of 1.69 A. At room temperatures these authors concluded that half 
of the surface was covered with hydrogen. In the subsurface hydrogen has net negative 
charge and Pd net positive charge.'2 
The textbook for the palladiumlhydrogen system was written by Lewis.15 The book 
covered research into the composition of hydrogen and palladium at various tempera-
tures and pressures, X-ray diffraction (XRD) studies as well as palladium deformation 
and hysteresis. Also covered was hydrogen sorption in palladium alloys and electrical 
resistance measurements, as well as general thermodynamic data. Lewis's book is an 
excellent resource for finding literature published before 1967. Since the book has been 
published, Lewis l 6-18 has updated the material. 
The lattice for the palladiumlhydrogen system is face centred cubic, with hydrogen 
occupying octahedral holes. Evidence for hydrogen occupancy has come from neutron 
diffraction.19-22 A neutron study by Pitt and Gray23 found up to 14% of hydrogen in 
tetrahedral holes at 50 °C. However this is the highest reported amount, and 86% of 
the hydrogen is still occupying the octahedral holes. Palladium metal also has a face 
centred cubic structure, therefore hydrogen absorption does not alter the lattice type. 
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A general review of the palladium/hydrogen system was written by Flanagan and Oates24 
in 1991. Thermodynamic and kinetic data for the system was reviewed. Included in the 
paper was a typical phase diagram for the palladium and hydrogen system. The phase 
diagram has two distinct phases, alpha and beta. The a-phase has a lattice parameter 
of approximately 3.89 - 3.90 A, which is the same as pure palladium, and the J3-phase 
has a lattice parameter from 4.02 A. This J3-phase lattice parameter increases up to 
4.04 A with increased hydrogen content. These parameters are given for samples at 
room temperature and pressure. 
The hydrogen content or concentration of palladium is typically expressed as a ratio of 
hydrogen atoms to palladium atoms, which can be represented as a chemical formula 
as PdHx where x is the ratio. The a-phase at room temperature is only pure up to 0.015 
hydrogen content. A region of coexistence of the two phases is proposed,15 where 
both phases can exist up until a hydrogen content of 0.65. Above this composition 
only the J3-phase exists. The distinguishing feature between the a-phase and J3-phase 
is a change in lattice parameter. This is because a small increase in the lattice size 
is required to accommodate absorbed hydrogen. No accepted mechanism for change 
between the a-phase and f3-phase hydrides has been proposed. 
Pressure-composition (p-C) and pressure-composition-temperature (p-C-T) plots were 
the early focus of hydrogen palladium work. Gillespie and Galstaun25 provided de-
tailed experimental conditions for construction of these plots. These authors concluded 
that structures of PdgH, P<4H, Pd3H and Pd2H were formed, evidenced by plateau 
regions in the p-C diagram. Measurements are typically termed equilibrium measure-
ments but are often recorded after only a short period of stable pressure, typically one 
half hour.25 A critical review of the evidence of palladium hydride compositions is 
presented in Lewis's book.15 It is now accepted that hydrogen can enter palladium at 
any composition and no stoichiometries are favoured. 
Most of the measurements of the lattice parameters were made before 1960, and mod-
em XRD study has focused on extremes of pressure and temperature as well as mixed 
metals.26 McKeehan27 performed the first reliable XRD study of hydrogen in palla-
dium in 1923. Included in this paper a bibliography of 66 titles detailing work into the 
occlusion of hydrogen by palladium prior to this date. It was shown by experiment that 
two crystalline phases can coexist, one being practically pure palladium and the other a 
saturated solution of hydrogen in palladium. The first reference to a-phase and J3-phase 
in connection with the palladium/hydrogen system is made in Owen and Jones' 1937 
paper.28 These authors refer to the a-phase as palladium rich phase and J3-phase as the 
hydrogen rich phase. The same authors also reported29 XRD data, which demonstrated 
a Pd:H stoichiometry where coexistence of the two phases occurred. It was noted that 
on initial appearance, the J3 -phase reflections were always diffuse. A later paper by 
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Owen and Williams30 extended study to a wider range of temperatures and pressures, 
which concurred with the previous findings and confinned a hysteresis in the charg-
ing and discharging stoichiometries. Subsequently Maeland and Gibb31 extended the 
temperatures and pressures measured to the critical point at approximately 300 QC. 
Hysteresis is due to the disruption of the lattice when hydrogen is absorbed,32 meaning 
the charging and discharging curves do not overlay. This lattice disruption is evidenced 
by plastic deformation of the palladium after hydrogen loading. This plastic defor-
mation has been reportedlO,33 and characterised from scanning electron microsocpy 
(SEM) images. It is significant in that palladium can age, meaning that once having 
sorbed and desorbed hydrogen the original palladium block undergoes a permanent 
change. Palladium sheet appears crinkled, and pictures of the effects of various hy-
drogen loading can be found in the work of Bockris and Minevski 10 and Andreasen et 
al.33 
Lewis and Ubbelohde investigated various methods of hydrogen removal.34 These au-
thors showed by experiment that cerium (IV) sulfate dissolved in suIfuric acid allowed 
for controlled removal of hydrogen. 
(R.2.5) 
2.1.1. EQCN studies 
Sauerbrey35 was the first to quantitatively link frequency changes with mass changes 
for a quartz crystal microbalance. Buttry and Ward36 wrote a review of measurement 
using the electrochemical quartz crystal microbalance. These authors advise caution 
when ascribing frequency changes to mass changes. These authors note that for the 
Sauerbrey equation to remain valid the acoustic impedance must be identical in both 
quartz and the material deposited upon it. 
A paper by Czerwiitski et al.37 concluded that there was no difference in the voltamme-
try of palladium thin films (2000 atomic layers) and normal palladium when hydrogen 
was sorbed. However in a later paper, Czerwiitski et al.38 reported on a thickoess ef-
fect with palladium films of 500 atomic layers, namely the hydrogen capacity of the 
electrode. Grasjo and Seo39 reported that for small amounts of hydrogen absorption 
there is only a 7% current efficiency when couIometric and frequency change data are 
compared. Czerwiitski et al. carried out a comparative study of hydrogen sorption 
from NaOH, NaOD, LiOH and LiOD (all 0.1 mol dm-3). These authors found that 
the shape of the overpotential curve was affected when the cation was changed, with 
a steeper curve observed for sodium. Therefore for alkali conditions it is necessary to 
consider the cation. 
It was initially assumed that a major application for EQCN studies of hydrogen sorp-
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tion into palladium was to detennine the amount of uptake of hydrogen.4o However 
numerous authors39,41-43 have found that the amount of hydrogen calculated from the 
frequency change does not correspond to the amount of hydrogen calculated from an-
odic wave integration. This effect was first reported by Cheek and O'Grady,41 who 
observed a larger than expected decrease in the frequency for an AT-cut quartz crystal. 
A BT-cut quartz crystal showed a smaller effect, and this is in agreement with the theory 
that stress causes the frequency change. This work was confirmed and the implications 
discussed by Grasjo and Se039 and Yamarnoto et al.43 Grderi et al.42 concluded that the 
EQCN was not an appropriate method for calculating the amount of sorbed hydrogen 
because of the frequency shift ascribed to stress effects, and recommended calculation 
from anodic current integration. 
The EQCN has been used to study the absorption of hydrogen from acidic solutions.42-44 
An advantage of using acidic solutions for voltammetry is that hydrogen sorptionldesorption 
is separated from palladium(II) oxide formation.38 Gabrielli et al.44 used the EQCN and 
acidic solution to investigate the trapping of hydrogen in the subsurface layer. These 
authors suggested that subsurface hydrogen would change the rheology of the sublayer. 
and hence change the value of the Sauerbrey coefficient. 
The EQCN has also been used to study hydrogen absorption from basic solutions. The 
properties of palladium(II) oxide, which forms in basic solutions at potentials less than 
hydrogen absorption, have been investigated by Grderi et al.45 These authors found that 
hydrogen sorption through palladium(II) oxide layers still occurred, although quanti-
tative information from the frequency change was elusive. From the mass changes it 
was proposed that both anhydrous Pd(IV) and hydrous Pd(II) oxides were present. At 
slower scan rates a larger amount of oxide formation occurred. It is important to realise 
that under basic conditions an oxide surface will form on the palladium. Czerwiriski et 
al.46 investigated the effect of solution composition including potassium and caesium 
hydroxide, although an EQCN was not used. Evidence that the cations penetrated into 
the palladium was also found. 
The use of the EQCN to record simultaneous voltammograms and massograms was 
reported by Snook et al.47 A massogram is the differential of the change in mass with 
respect to time d~m. Five processes were identified as being measurable using a mas-
sogram recorded simultaneously with a voltammogram. 
• faradaic deposition 
• faradaic non-deposition 
• non-faradaic non-deposition 
• non-faradaic deposition 
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• current-less deposition. 
For example, the hydrogen evolution reaction would be classed as faradaic non-dep-
osition, whilst the hydrogen absorption would be faradaic deposition, because a mass 
change is observed at the same time as current. These classifications are useful for 
understanding electrode processes using an EQCN. 
2.1.2. Phase transformation 
Despite the large amount of research into the palladiumlhydrogen system, very little 
progress has been made in the area of phase transformations. Knowledge accumulated 
in the area is based on experimental studies, which are either not well reported or spec-
ulative theory.48,49 Lewis50 considered structures near phase transitions and critical 
points, and methods used for defining them. However the nature of the phase transfor-
mation is not discussed. TWo papers by Lewis et a1.51 ,52 reported evidence for a phase 
transition in the subsurface ahead of that found in bulk. So although a large amount 
of data have been accumulated relating to the palladiumlhydrogen system, very little is 
known about the mechanism of the phase transformation. 
2.2. Electroprecipitation of thin films 
Deposition of thin films can be achieved by a variety of methods. Chemical vapour 
deposition, electroless deposition, sol gel methods, evaporation methods and sputter 
deposition have all been used to produce thin films. This thesis concentrates on an 
electrochemical route to the production of a metal hydroxide film, which can be fired 
to produce an oxide if desired. For a review of other thin film ceramic deposition 
techniques from aqueous solutions the reader is directed to a paper by Niesen and De 
Guire.53 These techniques include chemical bath deposition, successive ionic layer 
absorption and reaction, liquid-phase deposition and electroless deposition. A review 
of electrochemical synthesis of metal oxides and hydroxides was written in 2000 by 
Therese and Kamath.54 These authors listed the main features which distinguish elec-
trosynthesis from other synthetic methods and are reproduced here: 
I. Electrochemical synthesis takes place close to the electrode within the electric 
double layer, which has a very high potential gradient of 105 V cm-I. Under 
these conditions, the reactions often lead to products which cannot be obtained 
in a chemical synthesis. 
2. The product is deposited on the electrode in the form of a thin film or a coat-
ing. Further, a solid-liquid interface facilitates the growth of conformal coatings 
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on substrates of any shape, especially if a suitable shaped counter electrode is 
employed to provide unifonn polarisation. 
3. Electrochemical synthesis is a low-temperature technique limited by the boiling 
point of the electrolyte. This can be raised by using molten salt electrolytes. 
4. Kinetic control can be exercised by controlling the current passed through the 
cell, while thennodynamic control can be exercised by choosing the applied cell 
potential. 
5. An electrochemical synthesis is an oxidation or a reduction reaction. By fine-
tuning the applied cell potential, the oxidising or reducing power can be continu-
ously varied - a luxury not afforded by chemical synthesis. 
6. The film composition can be controlled by varying the bath composition. 
7. The experiments are simple to perfonn and the instruments are inexpensive and 
readily available. 
Deposition of oxide and hydroxide films from aqueous solutions by electrochemical 
methods at or near room temperature has been of interest because of the decreased cost 
of working at low temperatures. Starting materials are inexpensive, and compared to 
vapour deposition techniques, can deposit on a wider range of substrates because of the 
lower temperature. Control over the deposition rate can be achieved through adjustment 
of the overpotential or current density. Another advantage of the technique is the fact 
that non planar geometries can be coated, as demonstrated by Mitchell and Wilcox,s 
who used a non planar hydrogen sorbing cathode. 
Methods of room temperature synthesis of metal oxides and hydroxides have been 
around for several decades. Andrews et al. 55 reported on the fonnation of ceramic 
bodies by electrophoretic deposition in 1969. These authors investigated the fonna-
tion of ogives by electrophoretically depositing alumina on an electrode template. Also 
investigated was the rate of deposition of alumina as well as the voltage and current 
densities required for a 15 cm high ogive. Electrophoretic deposition relies on produc-
tion of a homogeneously dispersed colloidal suspension with charged species which 
will migrate in the presence of an electric field. Electrochemical precipitation relies on 
reactions at an electrode and then the insolubility of a product fonned on reaction of 
solution species with hydroxide. 
The first experiment to use electrochemical precipitation was devised by Pickett56 in 
1974. Known as the Air Force process, sintered nickel plate electrodes immersed in 
an ethanol-water solution of nickel(II) nitrate near its boiling point. A constant current 
density of -50 mA cm-2 was applied for up to 100 min. Decomposition of water 
11 
2. Literature review 
as well as reduction of the nitrate ion released hydroxide into solution, which reacted 
with nickel to fonn nickel(ll) hydroxide. Tench and Warren57 reported on the cathodic 
deposition of copper(I) oxide in their 1983 paper. These authors reported deposition 
of a film up to a nominal thickness of 0.5 IllIl by application of 0 V versus a saturated 
calomel electrode (SCE) from copper(II) acetate (0.1 mol dm-3). 
Chemical reactions which contribute to a rise in pH at the electrode surface, either by 
consuming protons in water or reduction of the nitrate ion, were listed by Zhitomirsky58 
and were compiled from the literature 
H+ + e - ---> Had, or Hob, (R.2.6) 
2H+ + 2e - ---> H2 (R.2.7) 
(R.2.8) 
(R.2.9) 
Similarly reactions are listed which contribute to a rise in pH in water, including reduc-
tion of nitrate ions 
(R.2.10) 
(R.2.11) 
(R.2.12) 
(R.2.l3) 
Swit2er59 reported on using the electrogeneration of hydroxide to produce a cerium(IV) 
oxide powder at a cathode from a cerium(llI) ammonium nitrate solution. Swit2er and 
Zhou, has also shown interest in the deposition of copper(l) oxide.6O It may seem sur-
prising that copper(I) oxide fonns in preference to deposition of copper metal, but if the 
conditions are controlled oxide fonnation is possible. Switzer used copper(I1) sulfate 
(0.5 mol dm-3) in lactic acid (3 mol dm-3) with a pH adjusted to between 7-12 with 
sodium hydroxide solution. A stainless steel cathode was used for potentiostatic depo-
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sition between -0.35 V and -0.55 V versus SCE for copper(I) oxide. More recently 
Switzer and co-workers61 have developed the technique for the electrodeposition of 
epitaxial copper(l) oxide on silicon and characterised the material using transmission 
electron microscopy (TEM), energy dispersive X-ray (EDX) and electron energy-loss 
spectroscopy (EELS). An amorphous layer of material a few nanometers thick between 
the single crystal silicon and the copper(I) oxide was found. 
Janes et al.62 presented a detailed study of the deposition of Nd2CU04 from the ni-
trate salts of neodymium(ill) and copper(II). The parameters investigated for deposi-
tion were the electrode substrate, solute concentration, applied cathodic potential and 
cell geometry. Parameters were optimised for production of Nd2Cu04, although it was 
shown that the mole fractions of the metals could be altered by varying the deposi-
tion potential or starting concentrations in solution. Optimal conditions for NdzCU04 
formation were found to be deposition from neodymium(ill) nitrate (0.125 mol dm-3) 
and copper(II) nitrate (0.025 mol dm-3) at 25°C onto a 2 cm2 silver electrode at a 
potential of -1.6 V versus SCE for 120 s. Following successful control of deposition 
parameters for Nd2CU04, Monk et al.63 used cathodic electrodeposition to form the su-
perconductor YBaZCu307_o' Optimal conditions for this compound were reported as a 
potentiostatic voltage of -1.4 V versus SCE on a 4.8 cm2 silver electrode in a solution 
of yttrium nitrate (0.0125 mol dm-\ barium nitrate (0.15 mol dm-3) and copper(II) 
nitrate (0.025 mol dm-3). The nitrate reduction method was also used by Monk et al.64 
to produce materials such as mixed tungsten(VI) and molybdenum(VI) oxides, which 
were subsequently tested for electrochromic properties. 
Zhitomirsky and Gal-0r65 used cathodic electrosynthesis to form Ti02, zrOz and 
Zm04 from a mixed methanol-water solution of the metal chloride salts. A thermal 
ramp XRD revealed that Zr02 has a crystalline phase between 400 to 500 °C, which 
emerged from an amorphous deposit. Pauporte et al.66 investigated the deposition of 
the mixed metal oxides of ZnOlEu(OH)x and W03 - TiOz. These authors varied the 
solution europium concentration and confirmed that deposits with different composi-
tions could be formed. Consideration was given to the solution species formed for the 
case of titanium, which was reported as the titanyl ion (Ti02+) for solutions at a pH of 
less than 2. 
Numerous authors5-7,67-{i9 have cathodically precipitated a deposit from aluminium 
sulfate solutions. Wallace6 investigated the deposition of an aluminium (oxy)-hydroxide 
deposit from a solution of aluminium sulfate (0.01 mol dm-3) at a palladium cathode. 
A typical experiment for generating a film between two closely spaced palladium work-
ing electrodes consisted of applying a potential of -3.2 V for 20 min followed by 20 
potential cycles between -3.2 V and 1 V at 100 mV s-l. The necessity of the initial 
constant potential was attributed to the forming of a 'deposit bridge' between the two 
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electrodes. The subsequent cycling was necessary to compact the deposit. However the 
level of compaction was based on subjective analysis from visual observation and SEM 
pictures. Wallace demonstrated that the films formed were sensitive to moisture in the 
atmosphere and could be used to sense humidity. 
Aries et al.67 used cathodic aluminium (oxy)-hydroxide deposition to form a precursor 
to an alumina coating on stainless steel. Deposition from aluminium sulfate 
(l mol dm-3) at constant currents between -12.5 mA cm-2 and -140 mA cm-2 and 
constant potentials between -1 V and -5 V were tested. These authors noted that hy-
drogen bubbles disrupted the formation of the deposit, but these could be decreased 
by addition of organic solvents. The aluminium (oxy)-hydroxide layer was shown to 
be adhesive to stainless steel. Aries et al. 68, 69 subjected the as deposited aluminium 
(oxy)-hydroxide to thermal XRD analysis. These authors found that up to 800 °C the 
oxide was amorphous or weakly crystalline. At 1000 cC reflections corresponding to 
a-alumina and y-alumina were observed. These reflections were only small and the 
XRD patterus were dominated by reflections from the steel. Comprehensive charac-
terisation of these coatings, including infrared spectroscopy (IR), secondary ion mass 
spectrometry (SIMS) and XRD, was carried out by Aries and co-workers 70 in 1996. 
XRD and thermogravimetric characterisation of aluminium (oxy)-hydroxide precipi-
tated in solution by base addition to aluminium sulfate was carried out by Temuujin et 
al.?! These authors showed by experiment that sulfate was present in the precipitate. 
These authors reported that as the formed precipitate was heated to temperatures be-
tween 700 cC and 1000 cC sulfate decomposed to sulfur oxides. However this is not 
possible in air, because the atmosphere is oxidising. A simple weight determination 
of aluminium sulfate before and after heating to 900 °C for 6 h in air reveals only a 
small decrease in recorded weights, due to residual water trapped in the hygroscopic 
aluminium sulfate. 
The above examples demonstrate the wide range of potentials and current densities that 
can be used to form films. Also the large number of starting solutions and deposits 
formed from them illustrate the value of cathodic electrodeposition for synthesising 
metal oxides and hydroxides. 
2.2.1. Anodised aluminium 
The formation of aluminium (oxy)-hydroxide film is the focus of chapter 5. This mate-
rial is then characterised for its applicability for use in a humidity sensor in chapter 6. 
Therefore it is important to mention another electrochemical route, the anodisation of 
aluminium, to the formation of aluminium oxide for use as a humidity sensor. The ef-
fect of anodisation current density on a porous Al203 humidity sensor was investigated 
by Nahar and Khanna.72 These authors showed that as current density increases the low 
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humidity sensitivity improves, whilst the high humidity sensitivity worsens, between a 
current range of -1 to -20 mA cm-2• The characteristics of these films and studies 
when used as humidity sensors will be discussed in section 2.3.1. 
2.2.2. Applications 
Cathodically deposited thin films on electrode substrates have been used in a wide 
range of applications. Monk and co-workers have used the nitrate reduction tech-
nique to form films with electrochromic properties. The electrochromic films formed 
were cobalt(II) oxide,?3 molybdenum(VI) oxide,14 tungsten(VI) oxide,75 metal oxide 
mixtures 76 and cobalt(ll) nickel(II) oxide?7 These authors subsequently investigated 
the electrochromic properties of these films, successfully demonstrating control over 
colours displayed with varied metal oxide mixtures. Oba et al.61 have worked on films 
which are useful for applications in the electronics industry. Masked electrodes can 
allow easy templating of various electronic components. 
Thin films of alumina have been used as a protective coating on a range of engineering 
products, such as bearing, valves and rocket nozzles.78 The investigations of Aries 
and co-workers67,79 showed that cathodic deposition at approximately -12 mA cm-2 
from aluminium sulfate (1 mol dm-3) for 1 h produced a thick film. This film was 
subsequently fired to produce a spinel structured coating on an iron-17%chromium 
substrate. A later study by Narayanan and Seshadri78 demonstrated deposition of an 
aluminium oxide deposit of 2 mg cm -2 on stainless steel. This was achieved using 
a current density of -60 mA cm-2 applied to a solution containing both aluminium 
nitrate (0.1 mol dm-3) and ammonium nitrate (0.1 mol dm-3) at 10 QC. 
2.2.3. Mechanistic studies 
Pauporte et al.66 outlined two mechanisms for cathodic electrodeposition. The first was 
an interfacial pH increase and local supersaturation followed by oxide precipitation, the 
second was direct reduction of the oxidation state of a metallic element. These authors 
gave an example of the first by preparing a mixed ZnOlEu(OH)x metal hydroxide from 
the chloride salt solutions. It was found that an amorphous film was formed and that 
the solubility constant allowed prediction of the pH required for precipitation. 
Janes et al.62 calculated that without precipitate formation the pH near the electrode of 
a mixed neodymium(Ill) and copper(II) nitrate bath (0.01 mol dm-3) would be approx-
imately 13 at a current density of -100 mA cm -2. The hydroxide and metal reaction 
occurs at a distance from the electrode, which depends on thickness of the depletion re-
gion and concentration of hydroxide generated. This led them to conclude that stirring 
produces more compact films, because the depletion region will shrink. These authors 
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also considered that at low hydroxide concentrations the metal with the lower metal 
hydroxide solubility will be preferred for deposition. Janes et al. investigated whether 
deposition occurred via reduction of the nitrate ion (equations R.2.8, R.2.9, R.2.12 and 
R.2.13) and found that deposits only formed in presence of nitrate ions when preparing 
Nd2Cu04. These authors also reported that darker films were deposited in the presence 
of the ammonium ion, and hypothesised this formed an underlayer. 
Li et al.80 used in situ atomic force microscopy (AFM) to study the electrodeposi-
tion mechanism of cerium(IV) oxide from cerium(III) chloride (0.01 mol dm-3) onto 
gold electrodes. These authors found that the mechanism of growth initially involved 
the coating of the electrode with a gel precursor composed of a cerium species that 
was probably the hydroxide. Then a nucleation-growth mechanism, with nuclei form-
ing from the gel precursor, facilitated bulk growth of cerium(IV) oxide. Fresh nuclei 
appeared on the already formed deposit, allowing further growth. These authors con-
cluded that growth of the film is the rate determining step for the reaction. 
Simple precipitation reactions and the mechanism involved have been studied exten-
sively and provide valuable information about formation of insoluble metal hydrox-
ide species from base addition. The precipitation of aluminium hydroxide from acid-
ified aluminium nitrate and aluminium chloride solutions was investigated in the mid 
1970's.81.82 A study by de Hek et al.83 investigated precipitation from aluminium sul-
fate solutions. These authors found that the sulfate ion had a catalytic effect on the 
formation of aluminium (oxy)-hydroxide. These authors also reported that the sulfate 
ion is strongly adsorbed on the growing positively charged particles. Brace and Matije-
vic84 investigated aluminium hydrous oxide sols formed from aluminium sulfate. Us-
ing gravimetric determination it was shown that adsorbed sulfate could be removed by 
exchange with base, and the sols decreased in size by about 10% when this was done. 
A comprehensive review was undertaken by Wesolowski and Palrner85 of the speciation 
of gibbsite at a range of pH's. These authors confirmed that the dominant species at 
neutral and basic pH's is Al(OH);,. Their study was performed using sodium chloride 
(0.1 mol dm-3) at 50 QC. At acidic pH's the dominant species is the hydrated AI3+ 
cation. Consideration is also given to the other minor species which form in aqueous 
solution. 
The formation ofmonomeric species of aluminium (oxy)-hydroxide is favoured rather 
than polymeric species.83,85,86 The solubility of aluminium hydroxide in aqueous so-
lution was studied by Dezelic et al.,87 who examined solubility at a range of pH values. 
These authors calculated solubility constants for a range of species formed in solution. 
Importantly the zero point charge was determined to be within the pH range 9.10 - 9.21. 
Kuhn and Chan88 have investigated the phenomenon of pH changes near electrode sur-
faces. These authors clarify that when pH near electrode surfaces is discussed, a mean 
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value is assumed which ignores local variation of pH. Gas evolution at the electrode 
surface can disrupt the pH near the electrode surface. This leads to the question as 
to whether pH should be defined as hydrogen ion activity per unit volume or per unit 
volume of electrolyte. This is less of a problem, if gas bubbles are not a significant part 
of the overall reaction, as is the case for a palladium electrode. Kuhn and Chan also 
discussed hydroxide film forming situations and pointed out that at open circuit the pH 
near the film will revert to a pH determined by the dissociation of the hydroxide. 
2.3. Aluminium oxide and aluminium hydroxide 
humidity sensors 
Humidity sensors are important in a wide range of areas. Traversa89 has listed the main 
applications for gas sensors. Typical applications include industrial use for controlling 
drying processes and water vapour content in gases and reaction chambers. They are 
now widely used to monitor indoor air quality and are integrated into air conditioning 
units. Combustion processes often rely on accurate control of the water vapour content 
of the combustion chamber. They are used for medical applications, for example in 
respiratory equipment. A growing sector is in domestic sensing for white goods, such as 
tumble dryers and microwave ovens. Humidity sensors are also used for agriculture in 
applications such as cereal storage and dew prevention. There are also many specialised 
uses. 
Each application requires different properties from the sensor, and this has meant that 
many different types of sensor have evolved. The first sensors relied on natural mate-
rials which have a response to water vapour, such as hair or gold beaters skin.9O Fol-
lowing this the wet and dry bulb hygrometer was developed to record the humidity for 
meteorology. This relied on accurate temperature measurement of a wet bulb moving 
though air from which water evaporation is dependent on the relative humidity and the 
ambient temperature. Comparison of the two temperatures allows calculation of the 
relative humidity. Dew point hygrometers measure the temperature at which moisture 
forms from a sample of air when cooled. From this temperature the dew point tempera-
ture is determined precisely and can be converted to a relative humidity if required. The 
dew point hygrometer is accurate but is unable to be used in industrial environments, 
because its performance decreases significantly with particulates in the air. 
Aluminium oxide humidity sensors are electrical hygrometers. They rely on a change 
in electrical properties when exposed to different humidities. The advantages of a metal 
oxide based humidity sensor are the low cost of production, ease of maintenance, sim-
ple operation and usefulness in industrial environments. The disadvantages of metal 
oxide films are the lack of selectivity and poor accuracy. 
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The response of aluminium oxide to water vapour was first reported by Ansbacher and 
Jason91 in 1953. A sheet of aluminium was anodised, so that a layer of aluminium 
oxide was formed. A capacitive type sensor was fabricated by evaporating aluminium 
onto the aluminium oxide layer. At a range of temperatures and relative humidities 
it was noted that the capacitance changed. As the relative humidity increased, the 
capacitance increased. This initial report was followed by two papers by Jason et al., 
one describing a model for the sensor92 and one reporting detailed characterisation at a 
range of relative humidities and temperatures.93 Since this time the response of metal 
oxides to humidity has been widely studied, as well as commercially exploited, with 
many patents being filed, for example Shibue and Namba.94 
The origin of the terms used when describing humidity and the derivation of the maths 
associated with humidity are treated comprehensively in a leaflet produced by the Insti-
tute of Physics.95 Hickman90 has written a good general introduction into the various 
methods by which humidity has been measured. Pagan and Amarakoon96 have written 
a review of metal oxide humidity sensors. These authors mainly focused on the sta-
bility and reliability of metal oxide humidity sensors. The sensitivity of these devices 
to changes in adsorption site locations and reactions with atmospheric contaminants 
and water soluble gas species were noted. Ageing and regeneration methods for mixed 
metal oxide sensors are discussed. Regeneration typically involves heating the sensor 
to high temperature to remove surface impurities which accumulate over time. 
It is well known that metal oxide sensors suffer from the process of ageing. Ageing 
occurs when the electrical response deviates from the initial calibration. Ageing was 
investigated by Kobayashi and Toyama,97 who recorded photographs of a metal oxide 
sensor when exposed to high relative humidities. The photographs showed evidence of 
morphological changes at the surface. A small improvement when gelatin was added 
to the sensor was reported. 
More recent reviews have appeared in Sensor Letters. Lee and Lee98 included a list 
of papers since 1990 reporting work on capacitive type humidity sensors and a list of 
papers since 1989 of resistive type humidity sensors. Chen and Lu99 included a section 
specific to aluminium oxide sensors. The two main phases of aluminium oxide used 
in sensors are y-alumina and a-alumina, with r-alumina being the more sensitive due 
to its greater porosity. a-alumina has the advantage that it is stable long term. These 
authors also note that alumina based sensors can be used for absolute measurement of 
humidity. 
A review specifically about ceramic humidity sensors has been written by Traversa.89 
Consideration is given to the influence of microstructure, addition of alkali ions, thin 
and thick films as well as progress towards integrated humidity sensors. 
A typical humidity sensor91, 100, 101 is fabricated by forming the substrate of interest on 
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an electrode, either by anodisation or cathodic electrodeposition. A metal, typically 
gold, is then vapour deposited onto the substrate to fonn an electrical contact. The 
sensor is then tested by exposure to a range of relative humidities. During exposure to 
a given relative humidity an ac signal is applied and an electrical parameter recorded. 
Sensors have also been fabricated by screen printing or pasted between interdigited 
electrodes. 102 
2.3.1. Electrical response characterisation 
Amdur et al.103 comprehensively characterised a sensor fabricated from kaolin with a 
small amount of nepheline. After firing, the sensor was boiled in either lithium fluoride 
or lithium carbonate (presumed to be aqueous but not specified in the paper), followed 
by distilled water. These authors provided infonnation about the reproducibility of the 
manufacturing process. These authors reported a relative humidity tolerance of ±2% 
and a 90% success rate in manufacture. The electrical impedance of the sensor ranged 
from 10 MQ to 1 ill. The impedance was reproducible under laboratory conditions, but 
when exposed to a manufacturing plant environment the impedance was unpredictably 
altered. 
Impedance decreases with increasing relative humidity, and capacitance increases with 
increasing relative humidity. These are the two electrical parameters recorded for most 
sensors, however sensitivity to electrical current and resistance have been reported.98 
2.3.2. Mechanistic studies 
Nahar and co-workers 72.101.104-106 have done a large amount of research into the con-
duction mechanism of alumina. Their sensor is fabricated by anodisation of aluminium 
followed by deposition of gold onto the aluminium oxide layer.l°l 10% sulfuric acid 
solution was used for the anodisation at a current density of 10 mA cm-2 forming an 
aluminium oxide layer of 10 J.l.m. A linear increase in capacitance is observed up to 
40% relative humidity and then a steeper linear relationship is observed above 40% 
relative humidity. The observed capacitance is in the range 100 pF to 10 nF. Inherent 
in the films as formed are acid anions SO~-, SOJ- and RSO" from the sulfuric acid 
along with OR- on the surface. Protons are attracted to surface oxygen sites. 
Khanna and NaharlO5 proposed that two complementary carrier-transfer mechanisms 
were responsible for the electrical response of an alumina humidity sensor. At low hu-
midity a phonon-induced electron tunnelling mechanism dominates, and at high humid-
ity protonic conduction dominates. The principal source of protons 104 for conduction is 
the bisulfate ion (Ka ~ 1.26 x 10-2). Protons can also be supplied from the aluminium 
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hydroxide 
(R.2.l4) 
(Ka ~ 4 x 10-13) or from water (Kw = I x 10-14). The sensitivity of the sensor to 
ionic doping from the sulfuric acid solution was investigated further by the same au-
thors.72 At higher current densities a greater sensitivity to Iow relative humidities was 
observed, whilst at low current densities a greater sensitivity high humidity was ob-
served. A current density of 15 - 20 mA cm-2 indicated an approximately linear re-
sponse to relative humidity. A theory of the sensors response at high humidity was 
also developed by N ahar.1 06 It was proposed that pore widening caused by moisture 
seepage altered the sensors response. 
The Grotthus proton conductance mechanism is the proposed mechanism at high hu-
midities. A straightforward introduction has been written by Hertz et aI. I07 The mech-
anism involves the movement of protons between water molecules. 
A theoretical treatment of the structure of the transition aluminas has been written by 
Sohlberg et al. 109 These authors concluded that the spinel aluminas acted as a reactive 
sponge, meaning that water was decomposed or reconstituted at the surface and stored 
within the structure. 
2.3.3. Recent humidity sensitive materials 
New humidity sensitive metal oxides are still reported.98 Arshaka et aI.109 reported 
fabrication of a sensor based on manganese-zinc ferrite. Qu and MeyerllO reported a 
sensor based on manganese tungsten oxide (Mn W04). Polymer type sensors have gen-
erated commercial interest. Cellulose acetate butyratelll is typically used as a polymer 
in these sensors. A review of some of the other polymers used for humidity sensors was 
written by Sakai et aI. l12 Polymer type sensors show excellent resistance to chemical 
attack but cannot be used at temperatures greater than 120 QC, because they usually 
decompose. 
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3.1. Introduction 
This chapter will outline the experimental procedures used for work presented in this 
thesis. Discussion is given in the main text where a reason for one experimental choice 
over another requires justification. 
3.1.1. General methodology 
The thesis is based on experiments from which conclusions are drawn. These con-
clusions are tested by experiment as well as comparing them with previous scientific 
knowledge. In all cases previous authors' work is cited, where it has been used. Results 
given will either add support for a scientific theory or create a new testable hypothesis. 
3.2. Potentiostats 
A Princeton Applied Research potentiostatigalvanostat 263A was used. Software used 
with this potentiostat was Princeton Applied Research model 2701250 research elec-
trochemistry software revision 4.3. Additional software that was required occasion-
ally was PowerSuite version 2.10.5 with PowerCV version 2.10.5. A Sycopel AEW2 
electrochemical workstation was also used. The software was the Sycopel Scientific 
electrochemistry software version 2.0.24. A Princeton Applied Research potentio-
statlgalvanostat 173 was used in conjunction with a Princeton Applied Research uni-
versal programmer 175 for experiments involving the EQCN. 
All data were transferred to Microsoft® Excel® 2003 and then tabulated and/or plotted 
as appropriate. Some data were transferred to Systat SigmaPlot® version 9.10 and then 
plotted as appropriate. 
3.3. Galvanostats 
A Princeton Applied Research potentiostatlgalvanostat 263A was used. Software used 
with this machine was Princeton Applied Research model 2701250 research electro-
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chemistry software revision 4.3. Also used was a Sycopel AEW2 electrochemical 
workstation. The software was the Sycopel Scientific electrochemistry software ver-
sion 2.0.24. A Princeton Applied Research potentiostatigalvanostat 173 was used in 
conjunction with a Princeton Applied Research universal programmer 175 for experi-
ments involving the electrochemical quartz crystal nanobalance. 
All data were transferred to Microsoft® Excel® 2003 and then tabulated andlor plotted 
as appropriate. Some data were transferred to Systat SigmaPlot® version 9.10 and then 
plotted as appropriate. 
Two Galvanostats were designed and constructed. One was a prototype galvanostat 
which had one channel and could produce a constant current of ±25 mA. The circuit 
diagram for this galvanostat is shown in figure 3.1. The second was a multi-channel gal-
vanostat which could simultaneously produce a current of ±30 mA across 5 channels 
assuming the resistance between the outputs was not greater than 5 ill. The multichan-
nel galvanostat was primarily designed to allow sufficient film formation to be achieved 
to be able to characterise it. The circuit diagram for the multichannel galvanostat is 
shown on page 24. The design allowed a high impedance voltmeter to be connected 
across two outputs for each channel, which could display the voltage between the two 
electrodes. The device was also designed with a test circuit to set the current prior 
to switching to the electrochemical cell. Each channel could be individually adjusted. 
A rotary switch was placed in the circuit in such a way as to facilitate reading of the 
current on an analogue display. An improvement learned from the first galvanostat con-
structed was the need for multiple turn (10 turn were used) variable resistors in order to 
allow fine control over the output current. 
Each galvanostat was tested using a Fluke 177 true RMS multimeter, which confirmed 
that the displayed current on the galvanostat corresponds to that applied between the 
two electrodes. 
The incorporation of a digital display would have provided greater accuracy (the gal-
vanostat as built had a current accuracy of ±0.2 mA), however insufficient documenta-
tion and electrical experience prevented this from occurring. The use of more expensive 
operational amplifiers would have allowed for a wider current range and greater stabil-
ity of the current. 
3.4. Electrochemical set up 
A three electrode cell set up was used for electrochemical experiments, except for gal-
vanostatic experiments, where measurement of the cell voltage was not required. The 
three electrode terminals were connected to a reference half cell, a counter electrode 
and a working electrode respectively. The electrode contacts were abraded with grind-
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Figure 3.1. Circuit diagram for a single channel gaIvanostat including power supply. 
ing paper (Buehler, Carbimet abrasive roll PI200) to ensure good electrical contact. 
For the two electrode set up the reference half cell was omitted. All electrochemical 
reactions referred to take place at the working electrode interface with the solution. 
The potential difference was applied between the reference half cell and the working 
electrode. 
The cell design incorporated a Luggin capillary with a separate reference half cell com-
partment. Figure 3.3 shows a schematic of the cell. The cell was cleaned with concen-
trated nitric acid and then rinsed with Milli-Q® deionised water (18.2 MQ cm) before 
experiments. 
The reference half cell used was a silver I silver chloride half cell, abbreviated as 
AglAgCI. This half cell was purchased from Bioanalytical Systems (RE-SB AgIAgCl). 
The electrolyte within the half cell was 3 mol dm-3 sodium chloride. The half cell was 
stored in 3 mol dm-3 sodium chloride. The potential, measured versus a home built 
standard hydrogen electrode, was 0.213 V. All potentials reported are versus AglAgCl 
half cell unless otherwise specified. 
A platinum gauze counter electrode was used. It was rinsed in concentrated sulfuric 
acid and subsequently flamed to remove impurities. Sulfuric acid was used, because 
this removed an unidentified white deposit from the platinum gauze most effectively. 
The working electrode was varied dependent on the experiment. See section 3.7 for 
details of the different working electrodes. 
For convention a negative current in this thesis refers to a reduction current. The reac-
tions, voltage and current referred to are appropriate to the working electrode. During 
galvanostatic experiments the working and counter electrodes were parallel to each 
other. All current densities refer to the geometric surface area of the electrode. 
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Figure 3.3. Typical three electrode electrochemical cell set up. The main compartment had 
a diameter of 3 cm and the reference compartment had a diameter of 1.5 cm. 
3.5. Solution preparation 
Milli-Q® deionised water (18.2 Mn cm) was used in preparation of all solutions. 
Masses were weighed out accurately on a Sartorious balance (accurate to ±0.OOO3 g). 
Volumetric flasks used were all grade A, and accnrate at 20 QC. All glassware was 
washed in nitric acid and rinsed with MiIIi-Q® water before use. 
Aluminium sulfate solution (0.01 mol dm-3) was prepared by dissolving 0.342 g of 
aluminium sulfate (Aldrich, 99.99% anhydrous) in 100 ml of MiIIi-Q® water. It was 
necessary to place the volumetric flask in a sonic bath for 48 h to ensure the solid had 
dissolved. 
Sodium chloride (3 mol dm-3) for storing the AglAgCI reference half cells was pre-
pared by dissolving 17.533 g of sodium chloride (Fisher, >99.5%) in 100 ml of Milli-
Q® water. 
The palladium plating solution 113 was prepared by mixing palladium(lI) chloride solu-
tion (0.020 mol dm-3) and potassium hydroxide solution (1.339 mol dm-3) in a ratio 
of 1: 1. The palladium(lI) chloride solution was prepared by dissolving 0.175 g of pal-
ladium(lI) chloride (Lancaster, 99%) in 50 ml of Milli-Q® water. It was necessary 
to place the volumetric flask in a sonic bath for 3 h to ensure the solid had dissolved. 
The potassium hydroxide solution was prepared by dissolving 3.750 g of potassium 
hydroxide (Fisher, >85%) in 50 ml of Milli-Q® water. 
Acetic acid solution (0.1 mol dm-3) was prepared by mixing 5.7 ml glacial acetic acid 
(Fisher, reagent grade) with 94.3 ml of Milli-Q® water. Sodium acetate (0.1 mol dm-3) 
was prepared by dissolving 0.820 g of sodium acetate (Aldrich, 99+%) in 100 ml of 
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Milli-Q® water. The sodium acetate solution was added drop-wise to the acetic acid 
solution until a pH meter (WPA CD7400) measured a pH of 4. The solution was then 
made up to 200 ml total volume using Mi1li-Q® water. 
Aluminium chloride solution (0.01 mol dm-3) was prepared by dissolving 0.241 g of 
aluminium chloride hexahydrate (Aldrich. 99%) in 100 ml Milli-Q® water. 
Sulfuric acid solution (1 mol dm-3) was prepared by making up 26.5 ml sulfuric acid 
(Fisher. 98%) to 500 ml with Milli-Q® water. 
Potassium sulfate solution (0.01 mol dm-3) was prepared by dissolving 0.175 g potas-
sium sulfate (Aldrich. 99%) in looml Milli-Q® water. 
Sodium sulfate solution (0.01 mol dm-3) was prepared by dissolving 0.142 g sodium 
sulfate (Aldrich. 99%) in 100 ml Milli-Q® water. 
Zinc sulfate solution (0.01 mol dm-3) was prepared by dissolving 0.288 g zinc sulfate 
heptahydrate (Aldrich. 99%) in 100 ml Milli-Q® water. 
Magnesium sulfate solution (0.01 mol dm-3) was prepared by dissolving 0.246 g mag-
nesium sulfate heptahydrate (Aldrich. 99%) in 100 ml Milli-Q® water. 
Lanthanum sulfate solution (0.01 mol dm-3) was prepared by dissolving 0.566 g anhy-
drous lanthanum sulfate (Aldrich. 99.99+%) in l00ml Milli-Q® water. 
Nickel(II) sulfate solution (0.01 moldm-3) was prepared by dissolving 0.263 g nickel(II) 
sulfate hexahydrate (Aldrich. 99.99+%) in 100 ml Milli-Q® water. 
Yttrium sulfate solution (0.01 mol dm-3) was prepared by dissolving 0.610 g yttrium 
sulfate octahydrate (Aldrich. 99.9%) in 100 ml Milli-Q® water. 
Indium sulfate solution (0.01 mol dm-3) was prepared by dissolving 0.518 g anhydrous 
indium sulfate (Aldrich. ~98%) in 100 ml Milli-Q® water. 
Indium and yttrium sulfate solution was prepared by dissolving 0.518 g and 0.610 g in 
100 ml Milli-Q® water respectively. 
Yttrium and scandium sulfate solution was prepared by dissolving 0.610 g and 0.378 g 
in 100 ml Milli-Q® water respectively. 
Lanthanum and nickel(II) hexahydrate sulfate solution was prepared by dissolving 
0.566 g and 0.263 g in 100 ml Milli-Q® water respectively. 
100 ml aqueous solutions of aluminium sulfate (0.01 mol dm-3) with supporting elec-
trolytes of potassium chloride. potassium sulfate and lithium sulfate (all I mol dm-3) 
were prepared using 7.455 g. 17.480 g and 10.994 g respectively. 
The solution used for the positive electrode material precipitation was a mixture of 
lithium. manganese(II). nickeI(II) and cobalt(U) sulfates. 0.330 g lithium sulfate was 
dissolved with 0.169 g manganese(II) sulfate monohydrate. 0.263 g nickel(II) sulfate 
hexahydrate and 0.281 g cobalt(II) sulfate heptahydrate in 100 ml Milli-Q® water. 
26 
3. Experimental 
3.6. Palladium metal preparation 
Palladium metal was obtained from Goodfellow. All metal was 99.95% pure. Palla-
dium foil was 0.025 mm thick. Palladium wire was 0.25 mm in diameter. 
Initially palladium was used as prepared by manufacturer. Once the palladium metal 
had been used, it was cleaned. First it was immersed in 1 mol dm-3 sulfuric acid for 
at least 30 min before immersion in acetone. After rinsing with Milli-Q® water the 
palladium was soaked in saturated cerium(IV) sulfate solution for at least 24 h and 
finally thoroughly rinsed with Milli-Q® water before use. 
3.7. Electrode types 
A wide range of electrode types were required in order to generate films for different 
purposes. All the glassware for the electrodes was made 'in house' by the glassblower, 
John Spray. 
3.7.1. Wire electrodes 
These were fabricated from a sealed glass tube with a copper contact soldered to palla-
dium wire. The palladium wire exposed to the solution was 2.5 cm in length. 
3.7.2. Disc electrodes 
These electrodes were prepared in the same way as the wire electrodes. Before use, the 
palladium was cut level with the glass, so that only a disc of palladium with an area 
of 0.049 mm2 was exposed. The end was then abraded with 0.3 j.llIl alumina powder 
(Kemet, a-alumina powder) suspended in Milli-Q® water to clean the electrode surface 
each time. 
3.7.3. Twin electrodes 
The twin electrode design was modified from the original design of Wallace.7 Spacer 
film (50 !-Lm, Mylar®) was included between the two sheets of palladium. The palla-
dium was not folded, in order to eliminate stress caused by folding. The twin electrode 
was fabricated by cutting two rectangular pieces of palladium sheet, 0.5 cm by 1 cm. 
Two copper wire contacts were soldered onto the ends of the palladium sheet. Mylar 
film, slightly larger than the pieces of palladium sheet, was cut and superglued between 
the two pieces of the palladium. The whole assembly was then set in Araldite® (24 h 
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Figure 3.4. Schematic of the twin electrode construction. Twin electrodes were used to test 
films' electrical response, by forming an element in a circuit. Palladium electrodes 
were spaced using Mylar film and were 50 J.l1l1 apart. The diameter of the electrode 
was 9 mm. 
hardening, Bostik®) at the end of a glass tube (11 mm outer diameter). Twin palla-
dium strips were exposed by grinding through the Araldite®. Grinding was done on a 
Buehler electrode grinder/polisher with abrasive paper (Buehler, Carbimet PI 200). Be-
fore use the electrodes were polished with increasingly fine alumina suspensions, fin-
ishing with 0.3 !lm alumina polishing powder (Kemet, a-alumina powder) suspended 
in Milli-Q® water. Figure 3.4 shows a schematic of the finished electrode. 
3.7.4. Flag electrodes 
Flag electrodes were constructed from palladium foil. They were 2 cm in length and 
1 cm in width. The electrodes were folded so that 0.5 cm was at a 90° angle to the 
remaining 1.5 cm. This allowed for the attachment of a crocodile clip on the end of a 
copper wire to form an electrical connection. An insulating mask of nail varnish (Rim-
me! Lycra Wear, Ref. 775) was applied to expose a controlled surface area. Insulator 
was also applied between the crocodile clip used to create an electrical connection and 
the working surface that was exposed to the solution. This prevented metal from the 
crocodile clip from interfering with the chemistry. For a simple schematic of the fin-
ished flag electrode see figure 3.5. The flag electrode was designed to be reusable and 
able to produce a large amount of film material such that appropriate analysis could be 
performed. 
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Figure 3.5. Palladium flag electrode and the typical placement of nail varnish insulator. 
Insulator also covered the back of the electrode. 
3.8. Precipitate/film formation 
This section details the different electrochemical experiments set up to facilitate pre-
cipitation of metal hydroxide on the electrode surface. A discussion of the merits of 
each technique will be given in chapter 5. 
The precipitate was formed in a solution of aluminium sulfate (0.01 mol dm-3). No 
supporting electrolyte was used. This was because all supporting electrolytes tested 
either co-precipitated or prevented precipitate formation completely. See section 5.2.3 
for results and discussion about supporting electrolytes. 
The cell set up for the palladium flag electrode was different to the set up for the pal-
ladium wire and disc electrodes. A 100 ml beaker was used as the cell, with 20 ml 
aluminium sulfate solution. The platinum gauze counter electrode used for these ex-
periments was a flat mesh that was placed horizontally above the palladium. There 
was a gap of approximately 3 mm between the working and counter electrodes. Care 
had to be taken, because the palladium electrode occasionally curled upwards during 
experiments and short-circuited the cell. No reference half cell was used for these ex-
periments. 
The films prepared for analysis were generated using the palladium flag electrode. A 
reduction current of -20 mA cm-2 was applied. The solution used was aluminium 
sulfate (0.01 mol dm-3). The precipitate was then dried in air to produce a film. The 
film was then removed and collected to generate enough sample for analysis. 
The twin electrode set up was used to test the films' response to relative humidity. A 
successful film was precipitated if a 'bridge' was formed by the film between the two 
electrodes. This allowed the film to be tested by passing an ac waveform between 
the two electrodes. For deposition, the two palladium electrodes were short circuited 
and used as the working electrode. A solution of aluminium sulfate (0.01 mol dm-3) 
was used along with the cell shown in figure 3.3, where the working electrode was re-
placed with the twin electrode. For galvanostatic experiments the counter electrode was 
placed in parallel to the working electrode. Successful bridging between the two elec-
trodes occurred, when a galvanostatic current of -20 mA cm-2 was applied for 30 min. 
Other techniques which generated a successful bridged precipitate were a potential of 
-3.2 V versus AglAgCl applied for 45 min, and when the potential was stepped be-
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tween -3.2 V and 0.5 V at 20 s, 30 s or 40 s intervals for 1 h. 
3.8.1. Direct precipitation 
A film was prepared by direct precipitation from potassium hydroxide (0.1 mol dm-3) 
and aluminium sulfate (0.01 mol dm-3). The precipitate was filtered and rinsed with 
Milli-Q® water and then dried in air. 
3.9. Characterisation techniques 
Characterisation of film was investigated using a variety of techniques. The experimen-
tal procedure for each of the techniques is outlined in this section. 
3.9.1. Scanning electron microscopy 
The SEM used was a Leo 1530 Field Emission Gun Scanning Electron Microscope 
system. An EDAX® detector was attached for EDX analysis. Data were exported as 
picture files from the supplied software. 
Aluminium (oxy)-hydroxide was prepared by galvanostatic and potentiostatic meth-
ods on a palladium flag electrode. The galvanostatic method used a current density 
of -20 mA cm-2 for 40 min, and the potentiostatic method used was a potential of 
-3.2 V versus AglAgCl for 40 min. Both samples used a aluminium sulfate solution 
(0.01 mol dm-3) and both samples were dried in air. The samples were then mounted 
on SEM stubs using double sided carbon tape, before being coated with a thin layer of 
gold. The same mounting technique was used for film prepared by direct precipitation. 
Mixed metal precipitates of yttrium and indium, yttrium and lanthanum and yttrium 
and scandium were prepared by galvanostatic deposition. A current of -20 mA cm-2 
for 40 min was applied. A hydrogen sorbing palladium electrode and a mixed metal 
solution as described in section 3.5 were used. Samples were dried in air and then 
mounted on SEM stubs using double sided carbon tape. Before analysis the samples 
were coated with a thin layer of gold. 
An SEM sample of the positive electrode battery material was prepared for analysis 
from a mixed metal solution of lithium, manganese(II), cobalt{ll) and nickel(ll) sul-
fates. A current of -20 mA cm-2 for 40 min was applied. A hydrogen sorbing palla-
dium electrode was used. The sample was dried in air and then mounted on an SEM 
stub using double sided carbon tape. Before analysis the sample was coated with a thin 
layer of gold. 
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3.9.2. X-ray diffraction 
Powder X-ray diffraction data were collected on a Broker D8 Advance powder diffrac-
tometer fitted with a PSD detector operating with monochromated Cu ka I radiation 
(1.5406 A). Samples were mounted on a silicon wafer (lOO, Aldrich). Temperature 
resolved powder X-ray diffraction experiments were carried out using an Anton Parr 
HTK 1200 heated sample stage. Data collection took place over 60 min, with XRD 
patterns being obtained for 28 values between 15° and 70° using a 0.0147° 28 step. 
All samples were run with the kind help of Dr Sandra Dann. 
The film prepared for XRD was generated on palladium flag electrodes using a gal-
vanostatic current of -20 mA cm-2 applied for approximately 40 min. The precipitate 
was then dried in air, before accumulating material from numerous experiments such 
that enough had been generated to perform an XRD experiment. 
The sample was prepared by grinding in a pestle and mortar before being placed in a 
plastic sample holder. A room temperature XRD pattern was obtained with 28 values 
between 5 ° and 60 0. 
A thermal ramp experiment was also carried out on the film formed. XRD patterns were 
recorded at 800 °C, 900°C, 1000 °C, 1100 °C and 1150 cC. The sample was allowed 
to cool to 200 °C and then to room temperature for two further XRD patterns. The 
sample was mounted on a silicon wafer (lOO, Aldrich). This removed reflections from 
the pattern due to the furnace sample holder, which itself was made from aluminium 
oxide. The 28 values used were from IS ° to 70 0, although at 69 ° a strong reflection 
from the silicon was observed. 
A film was also prepared from aluminium chloride solution (0.01 mol dm-3). The 
same current and collection procedure as used for the aluminium sulfate solution was 
employed. An XRD thermal ramp experiment was then carried out. Temperatures 
recorded were 200°C, 800°C, 900°C, lOOO°C, lloo°C and then 800°C as the sample 
was cooled. 
An indium sulfate and yttrium sulfate starting solution was used to prepare a film by 
galvanostatic deposition using a current of -20 mA cm-2 for approximately 40 min. 
An XRD thermal ramp experiment was then carried out. Temperatures recorded were 
80°C, 200 °C, 300 cC, 400 cC, 600 cC, 700 °C, 800 cC, 900 cC, 1000 °C and 1100 cC, 
as well as room temperature after heating. 
All data collected were compared against patterns stored in the Joint Committee on 
Powder Diffraction Standards database. The results of pattern matching are shown in 
appendix C. 
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3.9.3. Infrared spectroscopy 
Films prepared for infrared analysis were produced by applying a current density of 
-20 mA cm-2 for approximately 40 min to a palladium flag electrode and then col-
lecting the film formed. The sample was dried in vacua and then stored under ar-
gon. Potassium bromide (Aldrich, spectroscopy grade >99.5%) was dried in an oven at 
120°C before being dried in vacua and then stored under argon. 
A potassium bromide disc (13 mm width) was prepared by grinding 150 mg of potas-
sium bromide with 10 mg of sample before being pressed into a pellet under 10 t of 
pressure. Samples were mounted in a Shimadzu FTIR 8300 spectrometer and then 
a spectrum was recorded between 400 - 4000 cm-I. An average of ten scans was 
recorded and a background subtracted to produce the final spectrum. Data were trans-
ferred into Systat SigmaPlot@ version 9.10 to be plotted. 
3.9.4. Thermogravimetric analysis 
Films prepared for thermogravimetric analysis were produced by applying a current 
density of -20 mA cm-2 for approximately 40 min to a palladium flag electrode and 
then collecting the film formed. The final film sample tested consisted of films from 
numerous experiments. A TA Instruments 2950 Hi-Res Modulated thermogravimetric 
analysis (TGA) was used at a heating rate of 10°C min -1. The temperature limits were 
25°C and 900 cC. Data were recorded before being transferred into Systat SigmaPlot@ 
version 9.10 to be plotted. 
3.9.5. Gravimetric analysis 
Films prepared for gravimetric analysis were produced by applying a current density of 
-20 mA cm-2 to a palladium flag electrode and then collecting the film formed after 
drying in air. The final film sample tested consisted of films from numerous experi-
ments. 1.04 g barium chloride in 50 m! of hydrochloric acid (1 mol dm-3) was added 
to 0.005 g solid dissolved in hydrochloric acid (1 mol dm -3). The precipitate formed 
was filtered and dried in air. The weight of the film was recorded using a Sartorious 
balance (accurate to ±0.0003 g). 
3.9.6. X-ray photoelectron spectroscopy 
Films prepared for X-ray photoelectron spectroscopy (XPS) were produced by apply-
ing a current density of -20 mA cm-2 for approximately 40 min to a palladium flag 
electrode and then collecting the film formed after drying in air. The final film sam-
ple tested consisted of films from numerous experiments. Two samples were prepared: 
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one rinsed and one unrinsed. The rinsed sample was placed in 100 ml Milli-Q® water 
for 30 min with agitation. The water was replaced three times before the solid was 
collected by filtration and dried in air. Samples were run with the kind help of David 
Hall. 
3.9.7. Inductively coupled plasma mass spectrometry 
A sample of film prepared for inductively coupled plasma mass spectrometry (ICP-MS) 
analysis was produced by applying a current density of -20 mA cm-2 for approxi-
mately 40 min to a palladium flag electrode and then collecting the film formed after 
drying in air. The final film sample tested consisted of films from numerous experi-
ments. 0.1014 g of film was dissolved in 100 ml deionised water and then 1.1014 g 
of this solution was made up to 100.0282 g. The dilution factor for the original so-
lution was thus 9767044. A calibration line was plotted in Microsoft® Excel® 2003 
from known strength solutions. The ICP-MS work was carried out in conjunction with 
Kieran O'Connor. 
3.10. Electrochemical quartz crystal nanobalance 
Gold coated quartz crystals, obtained from Elchema, were AT-cut bonded and unpol-
ished. They had a resonant frequency of 10 MHz and had a layer of chromium between 
the quartz and the gold to aid adhesion. The EQCN used was an Elchema EQCN-700. 
The EQCN was attached to an Adlnstruments PowerLab 8sp analogue to digital con-
verter. The Princeton Applied Research model 173 potentiostat and model 175 univer-
sal programmer were also connected to the PowerLab. The PowerLab was connected 
to an Apple® Macintosh® computer. Data were recorded in Chart version 4.0 and 
then exported to Microsoft® Excel® and Systat SigmaPlot® as appropriate. Figure 
3.6 shows a schematic of the experimental set up. 
3.10.1. Electrochemical cell set up 
The cell set up used for EQCN experiments is shown in figure 3.7. The counter elec-
trode used was a platinum gauze electrode, prepared in the same way as outlined earlier. 
The reference half cell was a AglAgCI half cell. The quartz crystal was exposed to solu-
tion on one side and to air on the other. The solution was degassed with argon for 600 s 
prior to electrochemical measurements being taken. The glue that secured the rubber 
o-rings to the electrochemical cell was corroded by the palladium chloride/potassium 
hydroxide solution. Therefore it was found necessary to use degassed epoxy (Magnolia 
33 
Counter 
Reference 
half cell 
Potentiostat 
3. Experimental 
Quartz 
crystal 
lOMHz 
oscillator 
Palladium working electrode 
Current in 
nanoamps 
Mass in 
nanograms 
Figure 3.6. Schematic of a typical EQCN experimental set up. Data were recorded in Chart 
version 4.0 on an Apple Machintosh computer.' 
Plastics, compound 3360) to fix the o-rings to the cell. It was also necessary to ensure 
the electrical contacts were pointing upwards. This was because a leakage current ap-
peared in the voltammetry, if they were pointing downwards, due to solution creeping 
between the contacts. The working electrode was cleaned with concentrated nitric acid 
before the experiments were carried out. 
3.10.2. Palladium deposition 
A layer of palladium was electro-deposited onto the surface of the gold coated quartz 
crystals. A solution of palladium chloride and potassium hydroxide was used. It was 
degassed using argon. A constant reduction current of -1.614 mA was applied to 
the quartz crystal working electrode, until approximately 16 )tg of palladium had been 
deposited. This current was chosen after considering the advice given by Fischer and 
Welmer113 in their book on precious metal plating. After deposition the electrodes were 
dried in air and then rinsed with Milli-Q® deionised water. The palladium deposited 
was flat and shiny, and was therefore classed as bright. 
3.10.3. Hydrogen sorption 
The electrode prepared with palladium coating was used. Acetic acid buffer at pH 4 was 
used. It was essential that the solution was thoroughly purged with an inert gas prior to 
experiments. For these experiments argon was used. The scan rate used was 50 m V s-1 
and the potential limits were 0 V and -0.45 V. The recorded mass change data were 
differentiated in Microsoft® Excel® 2003. Smoothing of data was required, because 
'Figure adapted from an original created by Prof. Step hen F1etcher 
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Figure 3.7. Schematic of the set up of an electrochemical cell for EQCN experiments.t 
differentiating data is noise enhancing. Data were then plotted in Systat SigmaPlot@ 
9.10. 
3.10.4. Precipitate formation 
Aluminium sulfate solution (0.01 mol dm-3) was used as the solution with a palladium 
coated quartz crystal as the working electrode. Simultaneous cyclic voltammetry and 
mass change measurements were made with scan limits of 0 V and -I V used at a scan 
rate of50mV s-l. 
3.11. Humidity chambers 
Constant humidity chambers were constructed to test films' response to relative humid-
ity. They were made from glass and were 22 cm in height and 8 cm in diameter. A 
saturated salt solution filled the bottom 1 cm of the chamber. The solution was sat-
urated with excess solid, so that only 2 mm of solution was between the salt and the 
air. This prevented any concentration gradients that would affect the relative humidity 
in the chamber. Test films and humidity probes were all within 1 cm of the surface of 
the saturated salt solution to help prevent concentration gradients in the air within the 
chamber from affecting the relative humidity. 
tFigure adapted from an original created by Dr Nick Van Dijk 
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Salts used and the relative humidity retained above them are outlined in table 3.1, along 
with the supplier and the purity. These salts were recrystallised from boiling deionised 
water, except calcium nitrate which did not recrystallise from water, before being used 
in the humidity chambers. Impurities in the salt solutions would alter the saturation 
solubility of the salts and therefore alter the relative humidity above the solution. Once 
prepared the chambers were sealed and left for 4 weeks to establish equilibrium. Water 
was added or removed as appropriate, so that the final chamber had a thin layer of 
saturated salt solution above a solid mass of excess salt. 
Compound I Relative humidity I Supplier (purity) I 
Lithium bromide dihydrate 6% Aldrich (>98%) 
Lithium chloride monohydrate 11% Aldrich (>99%) 
Calcium chloride dihydrate 29% Fisher (analytical) 
Magnesium chloride hexahydrate 33% Aldrich (>99%) 
Potassium carbonate 43% Aldrich (>99%) 
Calcium nitrate 51% Fisher (analytical) 
Sodium nitrate 65% Fisher (>99.5%) 
Potassium iodide 69% Aldrich (>99%) 
Sodium chloride 75% Fisher (>99.5%) 
Potassium bromide 81% Aldrich (>99%) 
Potassium chloride 85% Aldrich (>99%) 
Potassium sulfate 97% Aldrich (99%) 
Table 3.1. Compounds used for saturated salt solutions and the relative humidity to 2 sig-
nificant figures held above them. All reagents were recrystalJised, except calcium 
nitrate, before use. 
Lithium chloride undergoes a phase change below 19 QC due to a change in the number 
of waters of hydration below this temperature. Therefore it was necessary to maintain 
this chamber above 19 QC for all measurements. 
Two ground glass joints were situated at the top of the chambers. These facilitated ac-
cess for the electrode being tested, reference humidity sensor or thermocouple. Figure 
3.8 shows a schematic of the set up for the humidity chamber. 
The accuracy of the saturated salt solutions was checked by a Vaisala HMP45 humidity 
and temperature probe attached to a HMI41 indicator unit. The Vaisala probe was 
calibrated against factory working standards, which have an accountable trail back to 
a primary standard in use by the National Institute of Standards and Technology. The 
probe was within tolerance for all saturated humidity solutions at 25 QC. 
The temperature of the air and of the saturated solution is also an important consider-
ation. The humidity chambers were maintained at 25 QC, with typical air temperature 
gradients not exceeding ±O.3 QC. Care was taken not to expose the chambers to direct 
sunlight when being used to test the films. This was because sunlight caused tem-
36 
3. Experimental 
To component 
analyser 
Humidity chamber 
Twin electrode Reference sensor 
FiJrn-J--C- .. 
Saturated 
salt solution 
Figure 3.8. Set up of humidity chamber with reference sensor and film for testing. Quick-
fit adapters were used to ensure the chamber was sealed with testing apparatus. 
The humidity chamber was 8 cm in diameter. 
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Figure 3.9. Humidity chamber set up for controlled temperature experiments. A Julabo 
F25-ME refrigeratedlheating circulator was used to pump oil and control the tem-
perature inside the chamber. 
perature gradients of ± 1 cc. If the temperature is not constant then equilibrium is 
impossible to obtain. 
In order to maintain a constant temperature within the chamber the set up depicted 
in figure 3.9 was used. An oil bath, 1 cm larger than the humidity chambers, had oil 
pumped through it by a Iulabo F25-ME refrigeratedlheating circulator. The lulabo was 
also connected to a PtlOO thennocouple and maintained a constant air temperature in 
the chamber of 25°C through a feedback loop. The temperature probe was inserted 
into the chamber next to the humidity sensor being tested. An MM2000 temperature 
probe manufactured by TM Electronics Limited was used to independently verify the 
temperature. Water was used to conduct heat from the oil to the chamber and to help 
insulate the chamber from the air. 
Water droplets on the side of the chambers were also eliminated. A concave water 
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droplet has a relative humidity immediately above it that is greater than 100%. There-
fore water droplets increase the humidity in the chambers. Elimination of this effect is 
especially important for low humidity chambers. 
3.12. Humidity sensor testing 
Commercial humidity sensors were tested by placing them in a relative humidity cham-
ber for 5 h. Wires were fastened with crocodile clips onto the electrical contacts, and 
these were run out of one of the ground glass joint openings on the top of the humidity 
chamber. Parafilm® was used to seal the chamber. The sensors tested and the electrical 
parameters applied and measured are given in table 3.2. The electrical signal and mea-
surement were performed using a Wayne Kerr precision component analyser, model 
6425. 
Name HS15P PI4-G SMTHS10 NPH-50A 
Voltage 1 Vac 1 Vac 1 Vac 1 Vac 
Frequency 1 kHz 10kHz 10kHz 1 kHz 
Measure impedance capacitance capacitance impedance 
Table 3.2. Commercial sensors' applied voltage and applied frequency and electrical mea-
surement parameters 
The response of a film prepared by cycling the potential between 0.5 V and -3.2 V 
versus AglAgCI for 80 min was tested. The applied signal was 1 V ac at a frequency of 
500 Hz, and the impedance at a range of relative humidities was recorded. 
A film formed by a galvanostatic current of -20 mA cm -2 for 45 min between the twin 
electrodes and subsequently dried in air was tested for response to relative humidity. 
The film was exposed to a particular relative humidity and then impedance reading was 
recorded after 2 h. Impedance measurements were taken using the Wayne Kerr preci-
sion component analyzer model 6425. An electrical signal of 20 m Vac at a frequency 
of 1 kHz was applied. In order to ensure reproducibility, the film was then removed and 
exposed to air for at least 1 h before exposure to the next relative humidity. This was 
repeated 4 times for each film to ensure reproducibility. Other electrical characteristics 
which were recorded were inductance, resistance and capacitance. 
The step change in relative humidity was measured by exposing a film to 33% relative 
humidity chamber for 1 h and then recording the response when exposed to 85% relative 
humidity at 25 QC. The final response was taken to be the reading recorded after 2 h. 
The electrical set up was exactly the same as outlined earlier. The T 90 response of the 
film was tested by recording the response of exposing the film to 51 % relative humidity 
from ambient relative humidity. An impedance reading was recorded every 5 s. 
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The stability was measured by recording the electrical impedance of a film over a period 
of 48 h when exposed to a relative humidity of 29%. Once again, the electrical set up 
was exactly the same as outlined earlier. 
The response of a film prepared by a constant current deposition to a range of rela-
tive humidities at different applied ac voltage and frequencies was tested. The film 
was prepared using the twin electrode set up (section 3.7.3). A reduction current of 
-20 mA cm-2 was applied. The solution used was aluminium sulfate (0.01 mol dm-3). 
The precipitate was then dried in air to produce a film. 
The applied ac voltages were 20 mY, 100 mY, 200 mY, 500 mV and 1 V. The fre-
quencies measured were 20 Hz, 25 Hz, 30 Hz, 40 Hz, 60 Hz, 80 Hz, 100 Hz, 120 Hz, 
150 Hz, 200 Hz, 250 Hz, 300 Hz, 400 Hz, 500 Hz, 600 Hz, 800 Hz, 1 kHz, 1.2 kHz, 
1.5 kHz, 2 kHz, 2.5 kHz, 3 kHz, 4 kHz, 5 kHz, 6 kHz, 8 kHz, 10 kHz, 12 kHz, 15 kHz, 
W~~~~~~~~~OO~~~I00~IW~I~~ 
200 kHz and 300 kHz. For each applied voltage and frequency the impedance, resis-
tance, capacitance and inductance of the film were recorded at eight relative humidities. 
These humidities were 11 %,29%,33%,43%,51 %,65%,75% and 85%. 
The linearity of the films' response to relative humidity was tested by using the square 
of Pearson's coefficient. A Wayne Kerr precision component analyser model 6425 was 
used for the electrical measurements. Leads were trimmed to eliminate measurement 
of lead impedance or capacitance. Once results were obtained they were plotted in 
Systat SigmaPlot® version 9.100n a3D graph. The axes used were applied ac voltage, 
frequency and the square of Pearson's correlation coefficient. Shading was used to 
denote regions of similar linear response. 
3.13. pH change 
A cell was fabricated from two microscope slides, 76 mm by 50 mm which were 
mounted 1.5 mm, apart. Araldite® (precision resin and hardener) secured the two 
slides together around three sides and prevented the solution from leaking. The cell 
was clamped and the test solution containing universal indicator (Aldrich) was added. 
A working electrode and a counter electrode were palladium and platinum wire respec-
tively, and these were mounted at either end of the cell. A constant reduction current 
of -2 mA was applied to the cell. A Sony camera (DSC-P7) was used to record pho-
tographs at appropriate time intervals. 
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3.14. Battery testing 
Electrode material generated from a mixed solution of manganese(II), nickel(II) and 
cobalt(I1) sulfates (0.01 moldm-3 each) and lithium sulfate (0.03 mol dm-3). I-methyl-
2-pyrrolidinone (Aldrich, 99+%) was used as a solvent. Polyvinylidine difluoride (Ky-
nar) was used as a binder material. A 50:50 mix of carbon black and graphite was 
added to aid conduction. The percentages of each component in the battery electrode 
material were 70% film, 10% binder and 20% carbon mix. 
3.14.1. Electrochemical cell set up 
The electrochemical cell used was different to that described earlier and is depicted in 
figure 3.10. This was principally because a dark purple deposit formed on the counter 
electrode, which flaked off and easily contaminated the working electrode. The dark 
purple deposit was attributed to the oxidation of manganese from oxidation state 2 to 
oxidation state 7. Therefore two compartments were necessary in order to separate the 
two electrodes. A frit separated two beaker shaped compartments, which contained 
mixed sulfate solution. 
3.14.2. Electrode material synthesis 
The cell set up used for battery testing was different from the normal cell used and 
is shown in figure 3.11. This was because the exclusion of water was required from 
the cell. Therefore an inert atmosphere of dry argon was sealed into the cell. Rubber 
stoppers allowed insertion of propylene carbonate (Aldrich, 99.7%) containing satu-
rated lithium chloride (Fisher, 98+%) through a needle. Further testing used a so-
lution containing propylene carbonate (Aldrich, 99.7%) with lithium hexafluorophos-
phate (Aldrich, 99.99%) as the electrolyte. Before use the propylene carbonate was 
purified though a carbon column and dried over molecular sieves. Electrolyte addition 
was performed in a dry inert atmosphere glove box. The cell and the working electrode 
Working 
electrode 
Solution 
Frit 
Counter 
electrode 
Figure 3.10. Cell set up for battery material precipitation. The design incorporates a frit 
which prevents mixing solid material formed at the working and counter elec-
trodes. Each side was 4 cm in diameter. 
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Figure 3.11. Battery electrode material test cell set up. The cell has a dry and inert at-
mosphere. The main compartment was 4 cm in diameter and the reference and 
counter compartments were 2 cm in diameter. 
were dried overnight at 150°C, along with all glassware used. The cell was prepared 
in a glove box though which dry argon was flowed. Lithium metal (Strem, 99.8%) 
was used for the counter and reference electrodes. Crocodile clips fastened electrical 
connections to the electrodes and were connected to the potentiostat as normal. 
3.14.3. Battery testing 
The effectiveness of the electrode material in the battery was tested by applying a charg-
ing current of 100 }lA and recording the potential-time transient. A voltage cut-off 
of 3.6 V versus LiILi+ was used to prevent chlorine gas from lithium chloride being 
evolved, which occurred at potentials above 3.7 V versus LiILi+. For lithium hexaflu-
orophosphate a voltage cut-off of 4.5 V versus LilLi+ was set. A voltage cut-off of 
2.6 - 2.7 V versus LilLi+ was set to prevent over discharge. 
Cycling of the cell to test the battery electrode material was conducted. A charging 
current of 10 }lA was applied and a discharge current of -10 }lA was drawn from the 
cell. The state of charge versus voltage was plotted for the cell. 
Cycling of the positive electrode material in LiPF6 was also tested. A charging current 
of 10 }lA was applied and a discharge current of -10 }lA was drawn from the cell. A 
time limit of 57600 s was set and a reading was taken every 60 s. 
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A constant current of -10 IlA was drawn for 7 d. Potential difference readings were 
recorded every 60 s. Cycling of battery positive electrode material was also investigated 
in LiPF6 after 7 d of drawing a current of -10 1lA. A charging current of 50 IlA was 
applied and a discharge current of -50 IlA was drawn from the cell. 
All data were recorded and transferred to Systat Sigmaplot® version 9.10. 
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4.1. Introduction 
As already outlined in the literature review, section 2.1, the palladium/hydrogen system 
has attracted significant academic interest. Some typical uses of the palladium/hydrogen 
system are in generators, hydrogenation of edible oils, manufacture of semiconductors, 
annealing of stainless steel and cooling of power station alternators.16 The literature on 
the palladium/hydrogen system is vast, and has been driven by the ability of palladium 
to retain large quantities of hydrogen. A major use of the palladium/hydrogen system in 
electrochemistry has been as a reference cell. l14 Research into cold fusion and hydro-
gen storage have more recently sustained interest in the area, and the number of special 
journal issues and international conferences devoted to the subject is considerable. 
Given the fact there has been all this interest in the system, there are still fundamental 
aspects which remain unknown. The mechanism of the adsorption process is not un-
derstood, with two possible pathways postulated. The mechanism of the phase changes 
has never been understood. In this chapter evidence will be presented which gives new 
information about a first order phase change in the palladium/hydrogen system. An 
EQCN was used for this set of experiments. 
4.2. EQCN theory 
It is well known that quartz crystals can be mechanically deformed by applying a static 
electric field between their opposite faces, an effect known as the inverse piezoelectric 
effect. They can also be made to resonate by applying an oscillatory electric field at 
the crystal's natural frequency. By monitoring changes in this natural frequency, it is 
possible to follow changes in the mass of the crystal due to deposition on its surface. 
In particular, if the deposited mass is uniformly distributed and rigidly attached, the 
change in resonant frequency !J.fo can be related to the change in mass !J.m by the 
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Sauerbrey equation.35 
dfo == fo(m+MI) - fo(m) == - (!~;~) MI== -SMI (4.1) 
In this equation, MI is the change in surface mass, Xq is the thickness of the quartz 
crystal, Pq is the density of the quartz crystal (2.648 g cm-3), A is the surface area, 
and S is the Sauerbrey constant. As shown by Hillman,1l5 by measuring d~ rather 
than MI as is usually the case, the rates of mass transfer can be recorded directly and 
compared with the rates of charge transfer at electrode surfaces, Furthermore, the rates 
of mass transfer can be plotted versus electrode potential to produce massograms in 
complete analogy with voltammograms. Yet a further advantage is that massograms 
eliminate the linear thermal drift of baselines so often seen in plots of MI versus t, 
since differentiation transforms this drift into a constant offset. 
4.3. Nucleation and phase transformations 
This section will outline the key theoretical considerations in order to prove the aim of 
establishing a first order phase transformation in the palladiumJhydrogen system. 
Nucleation-growth is the point by point appearance of a new phase across a surface 
followed by its growth directly adjacent to these points. It is critical to understand 
that nucleation-growth occurs by two independent processes. The first is nucleation, 
which is the point by point appearance of a new phase. For example the deposition of 
palladium atoms from solution onto a gold electrode, following the application of an 
appropriate potential. The appearance of these atoms on the surface of the electrode is 
random, although low energy sites on the surface are preferred. The second process is 
crystal growth, which occurs at the nucleation sites. For palladium deposition on gold, 
the palladium deposits next to or on an initially deposited palladium atom, and therefore 
individual crystals of palladium grow on the surface. These crystals grow large enough 
to overlap and form a continuous palladium surface. 
In order to establish that a first order phase transformation occurs, it is necessary to 
summarise some relevant theory. Fletcher et al.1l6 outlined the response of some 
nucleation-growth processes to triangular scans of potential. These authors showed that 
a sufficient criterion for a maximum occurring on reversal of potential was to prove the 
existence of a positive gradient past the voltage turn around time which are known as 
nucleation loops. Appendix A outlines the mathematical derivation of such nucleation 
loops. 
The important equations from appendix A are equation A.6, reproduced here as equa-
tion 4.2, which gives the form of the volume of nucleated phase produced, and equation 
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A.14, reproduced here as equation 4.3, which outlines the sufficient criterion for the 
presence of a maximum on the reverse scan. 
(4.2) 
(4.3) 
It is the presence of this maximum which is important for experimentally determining 
whether nucleation-growth processes are occurring. Verification of nucleation-growth 
when maxima are observed has been carried out by analysing SEM samples of metal 
deposits and by recording rising current time transients.J16 In the palladium/hydrogen 
experiments which follow, it is the derivative of mass that shows a nucleation loop, not 
current. The evidence is thus based on the change in mass detected by the EQCN rather 
than a change in current caused by hydrogen sorption. Evidence of a maximum on 
reversal of the potential before inter-crystal collisions occur is evidence of a nucleation-
growth process. 
From this, if a loop is observed in the derivative measurement of mass, then we can 
use this to characterise a system. Only the processes listed exhibit nucleation-loop 
behaviour: 
• catalysis; 
• first order phase transformation; 
• nucleation-growth of new phase. 
Knowing other details about a system (such as the phases present and reactions at elec-
trode), it is possible to ascribe any nucleation loop behaviour to one of these processes. 
A phase transformation occurs when the thermodynamically stable phase changes at 
a given temperature, composition or pressure. A first order phase change occurs as 
depicted in figure 4.1, with the phase change propagating along a front through the 
solid. A second order phase change occurs randomly throughout the solid. The onset 
of a phase transition in a small stable region is known as nucleation, so a first order 
phase change is a nucleation process. 
The key results from this section are the types of phase transformation and the processes 
theoretically possible, when a maximum is observed after the voltage is reversed. 
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Figure 4.1. Schematic of the difference between a first order and second order phase trans' 
formation. A shows a first order phase transformation and B shows a second order 
phase transformation. 
4.4. Palladium depOSition onto quartz crystals 
The deposition of palladium onto a gold coated quartz crystal was investigated so that 
subsequently study of hydrogen sorption into palladium could be performed. The re-
duction of palladium is a simple two electron process and is shown in reaction R.4.1. 
(R.4J) 
Bright palladium deposition was preferred to palladium black deposition because of 
the decreased surface area of bright palladium, which decreases surface effects dur-
ing experiments. A plating solution containing palladium(II) chloride and potassium 
hydroxide was used and a constant reduction current of -1.614 mA was used. Refer 
to section 3.10.2 for full details of the experimental technique used for depositing the 
palladium. Approximately 15 I-1g ± 2 I-1g of palladium was deposited onto each quartz 
crystal, as recorded by using the EQCN. In total, seven quartz crystals were coated with 
palladium and used for subsequent experiments. After deposition the electrodes were 
dried in air and then rinsed with MiIIi-Q® deionised water to remove residue salt. The 
salt was residue from the plating solution. The electrode had a silver/white finish after 
deposition and was coated with palladium, as was confirmed by EDX (figure 4.4) and 
SEM. 
The EQCN deposition mass plots varied during each run. Because the mass deposited 
was large compared to the detectable change, the sign of the mass change often flipped 
during deposition. This is due to the difference circuit used in the EQCN for measuring 
frequency change. Figure 4.2 shows the resultant mass plot when the sign of the mass 
change reverses. Figure 4.2 also shows a couple of random spikes that were typically 
observed during deposition. The cause of these is unknown. 
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Figure 4.2. Mass of palladium deposited on a quartz crystal. A solution of palladium(II) 
chloride (0.01 mol dm-3) and potassium hydroxide (0.7 mol dm-3) was used. A 
deposition current of -1.614 mA was used. Random mass spikes are observed, as 
well as the sign of the mass change reversing. 
Figure 4.3 shows the deposition of palladium onto a gold coated quartz crystal when 
random mass spikes and mass sign changes were not observed. This only occurred 
on two out of the seven crystals during palladium deposition. For some crystals it 
was necessary to repeat the deposition process to achieve a total palladium deposit of 
approximately 15 J.l.g. It is unclear as to why this was necessary. However all crystals 
had a palladium deposition rate which was initially faster for the first 25 s, which then 
settled to a slower steady deposition rate. 
EDX of a palladium coated quartz crystal, shown in figure 4.4, confirmed deposition 
of palladium. It also revealed the constituents of the quartz crystal included gold, 
chromium and silicon. The silicon is the quartz and the gold is the top surface. The 
chromium provides a layer between the gold and the quartz to aid adhesion. Palladium 
was deposited on top of the gold. 
The thickness of the palladium was calculated to be approximately 70 nm for the quartz 
crystals onto which palladium was deposited. An illustrative calculation is shown for 
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Figure 4.3. Mass of palladium deposited on a quartz crystal. A om mol dm-3 solution 
of paJladium(Il) chloride and 0.7 mol dm-3 potassium hydroxide was used. A 
deposition current of -1.614 mA was used. 
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Figure 4.4. EDX of a palladium coated quartz crystal. Elements were identified automat-
ically using software. This confirms the presence of palladium, gold and silicon 
(quartz) as well as chromium used as an adhesion layer between the quartz and 
gold. 
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one quartz crystal. For this calculation a palladium weight of 15.7 ~g, taken from final 
mass reading in figure 4.3, will be used. 
The moles of palladium were 
_m_as_s = 1.57 x 10-5 = 1 475 10-7 I 
Mr 106.42 . x mo (4.4) 
The molar volume1l7 of palladium is taken to be 8.56 x 10-6 m3 mol-1 
So the volume occupied by the deposited palladium was 
molar volume x moles of palladium = 8.56 x 10-6 x 1.475 X 10-7 = 1.263 X 10-12 m3 
(4.5) 
The area on which the palladium was deposited on the quartz crystal (radius 2.50 mm) 
was 
(4.6) 
The height of the palladium layer above the gold is given by 
Volume = 1.263 x 10-
12 
= 6.434 X 10-8 m = 64 nm 
Area 1.963 x 10-5 (4.7) 
As an example of the utility of massograms the data recorded during the deposition of 
palladium are shown in figure 4.6 and the voltammetry is shown in figure 4.5. Palladium 
metal electrochemically fonus at a suitable potential via nucleation-growth kinetics 
from a palladium(ll) chloride solution. In order to generate this massogram a cyclic 
voltammetry experiment with limits of 0.2 V and -0.7 V at a scan rate of lOOm V s-1 
was carried out. The mass recorded was automatically calculated from the frequency 
change of the quartz crystal, before the change in mass was differentiated with respect 
to time to generate the massogram. A maximum can be clearly seen on reversal of the 
potential, before the rate of mass deposition returns to zero. It is interesting to note 
that no palladium dissolution occurs. Therefore the palladium deposited remains on 
the gold. This is different to the case for hydrogen in palladium, where mass recovery 
is observed. For deposition of palladium onto gold the appearance of the loop confirms 
the nucleation-growth kinetics. This loop is predicted by theory outlined in appendix 
A. 
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Figure 4.5. Yoltammogram for deposition of palladium from ntixed palladium(II) chloride 
(0.01 mol dm-3) and potassium hydroxide (0.7 mol dm-3) solution. A gold coated 
quartz crystal working electrode was used. The scan rate was 100 mY S-I. 
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Figure 4.6. Massogram recorded during the deposition of palladium metal from a so-
lution of palladium(IT) chloride (0.01 mol dm-3) and potassium hydroxide 
(0.7 mol dm-3). The scan rate was 100 mY s-l. Data have been smoothed us-
ing a 100 point moving average. 
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4.5. eaCN study of sorption of hydrogen into 
palladium 
The original aim of these experiments, when they were undertaken, was to measure 
the mass change during aluminium (oxy)-hydroxide deposition. However this was only 
possible for a very short period of time, because the quartz crystal was prevented from 
resonating as the film formed. The results of these experiments are included in section 
5.4.8. However it was noticed during the course of these experiments that valuable 
information about the sorption of hydrogen into palladium could be obtained. Acetic 
acid buffered at pH 4 was the source of the protons. A palladium coated quartz crystal 
as outlined in the previous section was used. The overpotential for proton reduction on 
the voltammogram matched in terms of potential with a mass change. Therefore mass 
changes were ascribed to the sorption or desorption of hydrogen from palladium. 
The cell set up for these experiments was outlined in section 3.10.1 and the hydrogen 
sorption set up was outlined in section 3.10.3 of the experimental chapter. A typi-
cal experiment consisted of scanning the potential negative from 0 V versus AgIAgCl. 
In order to establish whether a first order phase transformation occurred in the pal-
ladium/hydrogen system it was necessary to vary the lower potential limit of exper-
iment. A nucleation loop would be observed during the initial formation of a new 
phase. This loop would correspond to the nucleation-growth of independent crystals of 
the new phase, which do not overlap. At potentials higher than this (less negative versus 
AgIAgCI) nucleation does not occur, and at potentials lower than this (more negative 
versus AgIAgCI) crystals will overlap and cause the model outlined in appendix A to 
breakdown. 
Figure 4.7 shows the mass change when the potential limit was set too high. The mass 
change observed during the experiment is small because little hydrogen is produced. 
The voltammogram for the same experiment is shown in figure 4.8, and the massogram 
is shown in figure 4.9. The massogram does not show a loop. When the potential was 
set too Iowa loop was observed in the massogram. However the key feature that allows 
a maximum after potential reversal to be ascertained is the positive gradient, and this is 
less clearly observed at lower potentials. Figure 4.10 shows the mass versus time plot 
when the potential was too low. Figure 4.11 shows the voltammogram for the same 
experiment, and figure 4.12 is the massogram. 
In order to determine the ideal potential to observe the nucleation-growth loop the volt-
age was incremented on successive cycles from a higher potential to a lower potential. 
The applied potential waveform is shown in figure 4.13. The mass versus time plot for 
this experiment is shown in figure 4.1 4, and illustrates the increasing amounts of hy-
drogen absorbed by the palladium coated quartz crystal as the potential is lowered. The 
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Figure 4.7. Mass versus time plot for an EQCN experiment where the lower potential limit 
was not sufficiently negative to observe a nucleation loop. The scan limits used 
were 0 V and -0.33 V versus AglAgCI. A palladium coated quartz crystal work-
ing electrode and acetic acid buffer solution at pH 4 was used. The scan rate was 
50 mV s-l. 
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Figure 4.8. Voltammogram for an EQCN experiment where the lower potential limit was 
not sufficiently negative to observe a nucleation loop. The scan limits used were 
o V and -0.33 V versus AglAgCl. A palladium coated quartz crystal working 
electrode and acetic acid buffer solution at pH 4 was used. The scan rate was 
50mVs-1• 
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Figure 4.9. Massogram for an EQCN experiment where the lower potential limit was not 
sufficiently negative to observe a nucleation loop. The scan limits used were 
o V and -0.33 V versus AglAgCl. A palladium coated quartz crystal working 
electrode and acetic acid buffer solution at pH 4 was used. The scan rate was 
50 m Vs-I. 200 point moving average smoothing has been applied. 
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Figure 4.10. Mass versus time plot for an EQCN experiment where the lower potential 
limit was too negative to observe a clear nucleation loop. The scan limits used 
were 0 V and -0.5 V versus AglAgCl. A palladium coated quartz crystal work-
ing electrode and acetic acid buffer solution at pH 4 was used. The scan rate was 
50mVs- l . 
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Figure 4.11. Voltammogram for an EQCN experiment where the lower potential limit was 
too negative to observe a clear nucleation loop. The scan limits used were 
o V and -0.5 V versus AglAgCl. A palladium coated quartz crystal working 
electrode and acetic acid buffer solution at pH 4 was used. The scan rate was 
50mVs-l. 
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Figure 4.12. Massogram for an EQCN experiment where the lower potential limit was too 
negative to observe a clear nucleation loop. The scan limits used were 0 V and 
-0.5 V versus AglAgCI. A palladium coated quartz crystal working electrode 
and acetic acid buffer solution at pH 4 was used. The scan rate was 50 m VS-I. 
200 point moving average smoothing has been applied. 
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Figure 4.13. Potential waveform applied as the negative potential limit was slowly in-
creased during a series of cycles. A palladium coated quartz crystal working 
electrode was used with a buffer solution of acetic acid at pH 4. The scan rate 
was50mV S-I. 
massograms have been overlaid and are shown in figure 4.15. The appearance of the 
loop is clear from the data shown. Initially no clear loop is observed, but from cycles 3 
to 5 the nucleation loop becomes more pronounced. The voltammograms for the same 
experiment are shown in figure 4.16. The voltammograms clearly show the greater hy-
drogen overpotential, as the negative scan limit is increased. The charge versus time 
plot is shown as figure 4.17. The charge is nearly recovered on successive cycles. The 
unrecovered charge could be due to hydrogen diffusing into palladium imd then not 
escaping upon oxidation. It could also be due to an unidentified irreversible solution 
reduction reaction. 
The mass versus time plot for an optimised experiment is shown in figure 4.18 and 
the charge versus time plot is shown in figure 4.19. The massogram for the same 
experiment is shown in figure 4.20 and the voltammogram is shown in figure 4.21. 
This experiment was carried out on a different palladium coated quartz crystal to the 
incrementing potential experiment. 
The potential limits for the optimised experiment were a starting potential of 0 V with 
a reversal potential of -0.45 V both versus AglAgCI. Figure 4.18 shows the mass 
recorded against time for optimised experiment. The mass of hydrogen absorbed is also 
desorbed within the same potential cycle. The symmetry of the graph indicates that the 
kinetics for the sorption and desorption are similar over this range of potentials. The 
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Figure 4.14. Mass versus time plot as the lower applied potenti al limit was increased as 
shown in figure 4. 13. A palladium coated quartz crystal working electrode was 
used with a buffer solution of acetic acid at pH 4. The scan rate was 50 mY S- I. 
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Figure 4.15. Massograms recorded as the lower applied potential limit was increased as 
shown in fi gure 4.13 . A palladium coated qUaltz crystal workin g e lectrode was 
used with a buffer solution of acetic acid at pH 4. The scan rate was 50 mY S- I. 
50 point moving average smoothing was applied to the data. 
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Figure 4.16. Yoltammograms recorded as the lower applied potential limit was increased 
as shown in fi gure 4.1 3. A palladium coated quartz crystal working electrode 
was used with a buffer solution of acetic acid at pH 4. The SCan ra te used was 
50 mY S- I . 
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Figure 4.17. Charge versus time plot as the lower applied potential limit was increased as 
shown ill figure 4. 13. A palladiu m coated quartz crystal working electrode was 
used with a buffer solution of acetic acid at pH 4. The scan rate was 50 mY S- I. 
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Figure 4.18. Mass recovery for hydrogen sorption into a palladium electrode on a quartz 
crystal. The appLied potential waveform started at 0 V (versus AgIAgCI), re-
versed at -0.45 V and fini shed at 0 V. A scan rate of 50 mV S- l was used. 
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Figure 4.19. Charge recovery for hydrogen sorption into a palladium electrode measured 
using a quartz crystal. The applied potential waveform started at 0 V (versus 
AgIAgCI), reversed at - 0.45 V and fini shed at 0 V. A scan rate of 50 mV S- l 
was used. 
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Figure 4.20. Massogram for hydrogen sorption into palladium. The applied potential 
waveform started at 0 Y (versus AgIAgCl), reversed al - 0.45 Y and fi ni shed 
al 0 Y. A scan rate of 50 mY S- I was used. 
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Figure 4.21. Yoltammogram for hydrogen sorption into palladium. The applied potential 
waveform started at 0 Y (versus AgIAgCl), reversed al - 0. 45 Y and fi nished at 
o Y. A scan rate of 50 mY S- I was used. 
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recorded mass is assumed to be due to hydrogen alone; however any metal impurities 
which deposit and strip in this potential range would add to this mass. Since the mass 
of hydrogen is so small any impurities deposited would have a significant effect. Also 
hydrogen could be oxidised and trapped within the palladium, which would mean that 
a mass change would not be ascribed too it. 
As mentioned in the literature review (section 2. 1.1) other authors have advised caution 
in using the frequency change to directly correlate to the amount of hydrogen in the 
electrode. The traditional method for calculating the amount of hydrogen is integration 
of the anodic wave at a potential where hydrogen is removed from the palladium. Using 
the amount of charge passed from figure 4.19, which is 1900 ~C, and assuming the 
charge is due only to hydrogen oxidation the number of moles of hydrogen are 
Q 1.90 X lO- 3 
m = - = ---:-----=--:-:-:c-=- = I .97 X lO- 8 mo I 
nF J x 96485 
(4.8) 
The number of moles of hydrogen produced if the frequency shift con·esponds to the 
mass change can also be calculated. It is assumed that the mass change is due only to 
the sorption of hydrogen. 
m 3.5 x 10- 8 8 
n = - = = 3.47 x lO- mol 
M, 1.01 
(4.9) 
As is expected for an AT-cut quartz crystal,41 the moles of hydrogen appear to be greater 
when calculated from the frequency change than the amount calculated from the charge. 
The difference can be attributed to stress within the palladium lattice, caused by its ex-
pansion, which increases the frequency. This apparent increse in the amount of hydro-
gen has been shown to affect the frequency linearly39 Therefore massogram data can 
be relied upon, because the differential will be a constant offset. 
The charge recorded for hydrogen sorption, for the same experiment, is also shown 
to be nearly completely recoverable (figure 4 .19). This indicates that very little cur-
rent is being consumed in any irreversible process within these limjts, for example gas 
evolution. Repeated cycling of the voltammogram showed nearly complete charge re-
covery on every cycle, which is shown in figure 4.23. The excess cathodic charge, 
which causes the drift, is most likely hydrogen gas being produced. This is because if 
hydrogen gas is produced then charge recovery would be difficult, because the gas can 
easily dissolve in the solution and diffuse away from the electrode. The drift in charge 
recovery is not caused by irreversible metal deposition because the charge associated 
with this would be expected to be smaller on each repeat cycle as material diffuses in 
from further away from the electrode. It would also be expected that a greater mass 
would be deposited than removed on each cycle, but this is not observed in the mass 
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versus time plot. The mass versus time plot, the massograms and the voltammograms 
fo r the same data are shown as fi gures 4 .24, 4.25 and 4.26 respectively. The applied 
waveform for these experiments is shown first as figure 4.22. 
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Figure 4.22. Potential wavefol1l1 applied for a series of cycles. A palladium coated quartz 
crystal working electrode was used wiu1 a buffer solu tion of acetic acid at pH 4. 
The potential limits were 0 V and - OA5 V versus AglAgCI. The scan rate was 
50 mV s- J . 
The mass versus time plot for the repeated cycle data, fi gure 4.24, shows the same 
recovery of mass with each cycle, although cycle 5 and cycle 8 recover less mass than 
was deposited. The reason for thi s is unk.nown. The massograms and vo ltammograms 
(figures 4.25 and 4.26) for the repeated cycles overlay on top of each other and illustrate 
the reproducibility of the nucleation loop and the experiment. 
SEM images of the surface were consistent with palladium (example shown in fi gure 
4 .27) that had absorbed and desorbed hydrogen. This is the plastic deformati on of the 
surface . 10,33 
The effect of varying the scan rate was investigated. Data are shown for a scan rate 
faster and a scan rate slower than 50 m V s- I. The optimal scan rate was required to 
show a max imum occurring after a significant pos itive gradient on the return potential 
sweep. The mass versus time plot fo r a scan rate of 20 m V s- J is shown as figure 4.28. 
The scan limits used were 0 V and - 0.4 V versus AglAgCI. The mass of hydrogen 
absorbed was greater than for the 50 m V s- I experiment despi te the fact the potential 
61 
-500 
-1000 
QI IJ.C 
-1 500 
-2000 
-2500 
o 
4. Study of hydrogen sorption into palladium 
50 100 
f l s 150 200 
Figure 4.23. Charge recovery for a series of repeated cycles of a palladium coated quartz 
crystal exposed to acetic acid buffer solution at pH 4. The scan limits were 0 Y 
and - 0.45 Y versus AglAgCI. The scan rate was 50 mY S- I. 
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Figure 4.24. Mass versus time plot for the repeated cycling of a palladium coated quartz 
crystal electrode in an acetic acid buffer at pH 4. The scan lim its were 0 Y and 
- 0.45 Y verslls AgIAgCI. The scan rate was 50 mY S- I . 
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Figure 4.25. Massograms recorded for the the repeated cycling of a palladium coated 
quartz crystal electrode in an acetic acid buffer at pH 4. The scan limits were 
o V and - 0.45 V versus AglAgCI. The scan rate was 50 mV S- I. 50 point mov-
ing average smoothing has been applied to the data. 
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Figure 4.26. Voltammograms recorded for the the repeated cycling of a pall adium coated 
quartz crystal electrode in an acetic acid buffer at pH 4. The scan limits were 0 V 
and - 0.45 V versus AglAgCI. The scan rate was 50 m VS- I. 
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(a) Cb) 
Figure 4.27. Hydrogen disturbance of palladium surface after repeated cycling in acetic 
acid buffered at pH 4 Cb) in comparison to a fresh palladium surface (a). The 
pall adium surface was deposited on top of a gold coated quartz crystal. 
limit was higher. This was because during a slower scan rate the time elapsed whilst at 
potentials lower than the hydrogen overpotential are greater, therefore more hydrogen 
is produced. If the potential was lowered more than this then recording the current 
was a problem. The data recorded for the voltammogram for this experiment clearly 
shows the background noise associated with current measurements (figure 4.29). The 
massogram for the same experiment is shown as figure 4.30. The massogram does not 
show a clearly defined loop upon potential reversal. 
The mass versus time plot for a scan rate of lOOm V S- I is shown as figure 4.31. The 
mass change is approximately the same as recorded before for the 50 mV s- I exper-
iment, but the potential limits are now 0 V and - 0.5 V. The mass initially decreases 
because this data was taken from an experiment where the potential was slowly low-
ered to determine the potential required to achieve the same mass change as before. 
At 100 m V S- I the scan rate is sufficient that not all the hydrogen has escaped from 
the palladium before the next cycle, hence this remaining hydrogen is oxidised dur-
ing the next cycle. The massogram and voltammogram for the same experiment are 
shown as figures 4.32 and 4.33 respectively. The massogram shows a nucleation loop. 
Although the loop is bigger, as is expected for higher scan rates, the positive gradient 
after the turnaround time is less clearly defined than for data collected at 50 mV S- I. 
The vo ltammogram also shows the oxidative current at the start of the scan, which is 
attributed to oxidation of hydrogen from the previous cycle. 
The experiment was performed on other palladium coated quartz crystals to confirm the 
reproducibility of the experiment as wen as on go ld coated quartz crystals to confirm 
the effect was due to palladium. Loops were always observed on palladium coated 
quartz crystals and never on gold coated quartz crystals. 
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Figure 4.28. Mass versus time plot for a 20 mY S- I scan rate. A palladium coated quartz 
crystal working electrode was used and acetic acid buffer pH 4 was used. 
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Figure 4.29. Yoltammogram for a 20 mY S- I scan rate. A palladium coated quanz crystal 
working electrode was used and acetic acid buffer pH 4 was used. 
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Figure 4.30. Massogram for a 20 mY S- 1 scan rate. A palladium coated quartz crystal 
working electrode was used and acetic acid buffer pH 4 was used. 50 point 
smoothing has been applied. 
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Figure 4.31. Mass versus time plot for a lOOm Y S- 1 scan rate. A palladium coated quartz 
crystal working electrode was used and acetic acid buffer pH 4 was used. 
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Figure 4.32. Massogram for a lOO mY S- I scan rale. A palladium coated quartz crystal 
working electrode was used and acetic acid buffer pH 4 was used. 50 point 
smoothing has been applied. 
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Figure 4.33. Yoltammogram for a lOOm Y S- I scan rate. A palladium coated qualtz crystal 
working electrode was used and acetic acid buffer pH 4 was used. 
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The loop observed is shown in figure 4.20. It can clearly be seen that there is a maxi-
mum of the rate of mass deposition after the maximum potential has been passed. This 
increase in the rate of deposition is due to hydrogen nuclei still being formed (since the 
potential for hydrogen formation is still being exceeded) and the increased surface area 
of the reaction (as more material is deposited), even though the absolute rate is slower 
than at the reversal potential. 
The voltammograrn shown in figure 4.21 shows the reduction of hydrogen until -0.4 V 
on the reverse sweep, followed by the oxidation of hydrogen from the palladium hy-
dride. As discussed earlier, for palladium deposition the massogram shows nucleation-
growth kinetics. The positive reverse gradient in the massogram and past the current 
switch around time is the diagnostic of a first order phase transformation. This can only 
be due to a first order phase transformation. No metals were present in the solution in 
sufficient concentration to observe such a peak. No mass change catalysis reactions are 
feasible in the solution. No other phase transformation would show nucleation-growth 
kinetics. Therefore the process is reliably ascribed to the first order phase transforma-
tion of a palladium hydride phase. 
It is proposed that the palladium hydride phase formed is the J3 -phase, because the 
amount of hydrogen generated is greater than that of the saturation of the a-phase. 
This also correlates with the XRD evidence that initially only diffuse reflections are 
observed before sharp reflections are observed.29 This is due to the growth centres 
initially having only a small crystallite size, which appear as diffuse reflections. 
Passing of faradaic current is involved, with protons gaining electrons to form hydrogen 
on the surface of the palladium electrode. The nucleation loop was repeatable. Exper-
imentally it is important to note the maximum only occurs when crystals of palladium 
hydride do not collide. Therefore the reversal potential is critical, because a kinetically 
fast process such as this phase change will quickly generate overlapping crystals. 
The mechanism for the nucleation is worth considering. Clearly it becomes favourable 
for a hydrogen atom to insert in the lattice next to another palladium hydrogen pair 
rather than next to an isolated palladium atom. The insertion of hydrogen into the 
lattice causes the lattice to distort, increasing the lattice parameter as evidenced from 
the XRD studies. IS This lattice distortion may create an energetically favourable 'hole' 
in neighbouring palladium, into which the hydrogen can insert. This in turn creates 
another hole and so on and so on. Hydrogen is withdrawing electron density from the 
palladium-palladium bond within the lattice, and hence the bond length between the 
palladium atoms will increase. This is reflected in the increase in lattice parameter 
observed when palladium absorbs hydrogen. The electron density will be lost from the 
4d orbital on palladium. 
An important consequence of the fact that the phase change occurs is that the hydrogen 
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evolution reaction occurs on palladium hydride, not on palladium. One further consid-
eration of which the effect is not yet known is the interface between the gold and the 
palladium. 
4.6. Conclusion 
In this chapter it has been demonstrated that a first order phase transformation for pal-
ladium to palladium hydride occurs. EQCN data have been analysed using nuc1eation-
growth theory. 
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characterisation of aluminium 
( oxy)-hydroxide 
5.1. Introduction 
Electrochemically-induced precipitation is an experimental technique which allows for-
mation of metal (oxy)-hydroxides. A suitably applied current or potential generates' 
basic conditions near an electrode, onto which any insoluble species formed in ba-
sic solution may precipitate. The technique is a quick and room temperature method of 
preparing oxides directly or hydroxide precursors which can be fired to produce oxides. 
If a hydrogen sorbing cathode is used then hydrogen gas bubbles can be prevented from 
disturbing the formation of the precipitate. 
Palladium was chosen as the hydrogen sorption metal, because it is known to sorb a 
large quantity of hydrogen. It is straightforward to make electrodes from palladium 
and is known not to react with common electrolyte solutions. It had also already been 
demonstrated that hydrogen sorption and film deposition had been successful. 6 The 
original intention of this work was to advance the previous study of Mitchell, Mor-
timer and Wallace7 into aluminium (oxy)-hydroxide formed using the film precipitation 
method. These authors have shown that aluminium (oxy)-hydroxide has an impedance 
response to relative humidity. Further investigation into the use of aluminium (oxy)-
hydroxide as a humidity sensor is presented in chapter 6. 
This chapter will outline the method for producing electra-precipitated films with a 
detailed example of aluminium (oxy)-hydroxide. Some important improvements from 
the method as developed by Wallace will be considered, including the preparation of 
the palladium metal such that it can be reused reliably and in conditions for gener-
ating larger quantities of film on a consistent basis. Section 5.4 contains results and 
discussion of a wide range of characterisation techniques which have been performed 
on the deposit. Also in this chapter the mechanism for generating the film will be dis-
cussed. Initially results of the electrochemistry and formation of the deposits will be 
considered. 
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5.2. Experimental considerations for 
cathodically-induced precipitation 
Firstly in this section it is necessary to define what was considered a successful deposit. 
A precipitate which adhered to the electrode was given the highest priority, so that fur-
ther experiments could be carried out with the precipitate in situ. Another important 
characteristic for the precipitate was the structural integrity. Precipitates deposited dur-
ing some electrochemical techniques were obviously weaker than others. This was evi-
denced by the fact they often fell from the surface of the electrode whilst being removed 
from the solution or pieces flaked off when dried in air. So a successful precipitate was 
one which had good structural integrity. The final consideration for a successful pre-
cipitate deposition was that the precipitate was formed in a short period of time. If the 
precipitate was to be produced commercially, the time taken to form the deposit would 
be an important cost factor. Therefore a precipitate which formed quickly was favoured 
over one which formed slowly. 
Preparation of a clean palladium electrode which did not contain palladium hydride 
was an important step. The ability to reuse palladium was important in terms of cost. It 
also meant that experiments could be reproduced reliably. 'Outgassing' the palladium 
either in aluminium sulfate (0.01 mol dm-3) solution or sulfuric acid (1 mol dm-3) so-
lution did not provide a reusable electrode. 'Outgassing' required the application of a 
suitable voltage (0.5 V versus AgIAgCl). Precipitates did not form on the surface of 
palladium electrodes prepared by 'outgassing' after several 'outgassings' and subse-
quent cathodically-induced precipitation experiments were performed. Removing the 
hydrogen and cleaning the surface was also tried by flaming the palladium. This tech-
nique also did not allow successful repeated use of palladium electrodes. Palladium 
electrodes cleaned by this technique had a decreased capability to absorb hydrogen, 
presumably because not all the hydrogen was removed. In summary the methods of 
ensuring a clean palladium surface were:-
1. Use of annealed metal (from Goodfe11ow) 
2. Use of prepared metal, previously used for growing films 
• Soaked in sulfuric acid (1 mol drn -3) for at least 30 min to dissolve any 
previous deposits including sulfate 
• Soaked in acetone to remove any previously applied electrode mask and 
organic compounds (importantly removing natural grease) 
• Rinsed with deionised water 
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• Soaked in saturated cerium(IV) sulfate for at least 24 h. Cerium(IV) sulfate 
is an oxidising agent which removes the hydrogen from the palladium 
• Rinsed with deionised water and dried in air 
Metal prepared by method 2 aged. By this it is meant that the metal was not restored 
to its original form when cleaned, however it was returned to a state which allowed 
repeatable results for precipitate formation. This required a clean surface so hydro-
gen dissociation could occur, and hydrogen removed from bulk. The ageing process 
deformed the metal, so that the metal appeared crinkled. The effect of ageing on a 
palladium flag electrode is shown in figure 5.1. 1bis has been documented by other au-
thors, 10. 33 who found that annealing the metal removed these deformations. However 
this is an expensive and time consuming process, so annealing was avoided because it 
was unnecessary for successful precipitate formation. 
Figure 5.1. Comparison of palladium electrode as new and showing signs of ageing. On 
the left is palladium as received from Goodfellow. On the right is palladinm after 
twenty galvanic deposition and cleaning experiments. 
Degassing the palladium at a suitable potential (0.5 V versus AglAgCI) does remove 
hydrogen, however it does not clean or prepare the metal. Palladium metal degassed 
in this way cannot be repeatedly used for formation of precipitate, although the exact 
reason why is unknown. From visual observation ageing effects are quicker to manifest 
when this technique is used. 
When a large surface area electrode was used, a mask was applied to expose a controlled 
surface area to the solution. A polymer insulator was applied to the rest of the electrode, 
which prevented current flow. The requirements for this polymer were easy application, 
quick setting, insulating and non-reactive during the experiments performed. These 
requirements were found to be met with nail varnish (Rimmel Lycra Wear, Ref. 775). 
5.2.1. Electrode design 
The ability of palladium to sorb large quantities of hydrogen was the main reason for 
choosing it as the working electrode. Palladium metal was found to be reusable and 
this was an important factor in using it as the electrode material of choice. Use of a 
relatively inert metal also meant that the electrode did not participate in the precipi-
tate formation reaction. Wire electrodes (section 3.7.1), disc electrodes (section 3.7.2) 
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and twin electrodes (section 3.7.3) were used conventionally for all experiments. Wire 
electrodes allowed for quick testing of the precipitate formation when conditions were 
varied. 1\vin electrodes were used to allow film testing for response to humidity, see 
section 6.2. Disc electrodes were used for cyclic voltammetry, because the voltage drop 
due to the solution could be minimised. 
Increasing the surface area of the electrodes required a redesign of the typical cell 
illustrated in figure 3.3. If the potential was applied from a single point reference elec-
trode, then the potential distribution across the surface of the working electrode was 
uneven. This resulted in poor surface coverage of the electrode when forming a deposit. 
The same principle applied when using constant current. This was solved by having a 
counter electrode in parallel to the working electrode, so that the distribution of current 
or potential was even. When using this arrangement, the working electrode was faced 
upwards so that none was lost when removing the electrode from the solution. 
Different hydrogen sorbing electrodes were tested for their ability to form a precipitate. 
Table 5.1 shows four electrode substrates tested with summarised results. 
I Electrode material I Form I Film formation I Adherence 
Niobium 3 cm thin wire Yes Same as palladium 
Titanium Sheet 1 cm2 Yes Poor 
Magnesium Strip Yes Good 
Carbon Nanofibres Screen printed Yes Good 
Table 5.1. Hydrogen sorbing cathodes and result when used for generating aluminium 
(oxy)-hydroxide films. A galvanostatic current was used of -20 mA cm-2• Elec-
trodes were constructed in the same way as palladium outlined in section 3.7. 
All the different hydrogen sorbing cathodes tested allowed precipitate formation to oc-
cur, as would be expected. Non-hydrogen sorbing electrodes also showed precipitate 
formation, but adherence to electrode surface and porosity was poor compared to hy-
drogen sorbing cathodes. This was attributed to the hydrogen gas bubbles disturbing 
the precipitation. Whether a precipitate attached to the electrode surface must depend 
on the nature of the bond between the two surfaces. No further investigation of the 
adherence of deposits to different electrode surfaces was undertaken. 
5.2.2. Cell set up 
A clean glass cell was essential for optimal precipitate formation, and experimental 
reproducibility. Cells were cleaned by washing in concentrated nitric acid and then 
rinsed with deionised water. 
The shape or size of the cell was not found to be important. However positioning of 
the electrodes was important. If a reference electrode was used then a Luggin capillary 
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was used to ensure minimal solution IR drop (however a significant potential drop was 
always present because no supporting electrolyte was used). 
The counter electrode was placed in parallel to the working electrode. This was of spe-
cial importance if a large surface area of palladium was being used in order to ensure 
an even current distribution across the face of the working electrode. The counter elec-
trode used was platinum gauze. This was soaked in concentrated sulfuric acid before 
being rinsed with deionised water and flamed dry until it was red hot. 
5.2.3. Solution preparation 
No supporting electrolyte was added to the solution when films were to be deposited as 
to follow previous studies.6, 7 Three supporting electrolytes were tested, but all ended 
up incorporated into the precipitate formed. Potassium sulfate (Aldrich, 99.0%), potas-
sium chloride (Aldrich, >99%) and lithium sulfate (Aldrich, 99.99+) were tested at a 
concentration of 1 mol dm-3 with aluminium sulfate (0.01 mol dm-3). Potassium chlo-
ride formed a grey precipitate and changed the solution colour to orange for example. 
Because the desired outcome of using a supporting electrolyte is no interference with 
the reaction of interest, further characterisation was not undertaken. 
5.2.4. Electrochemical conditions 
The methods investigated included potentiostatic deposition, galvanostatic deposition, 
cyclic potential deposition and potential step deposition. Previously the methods of po-
tentiostatic deposition, cyclic potential deposition and potential step deposition have 
been investigated.6 In order to form a bridged precipitate between two electrodes 
a method using cyclic deposition followed by potentiostatic deposition has been re-
ported? 
A summary of the further investigations into electrochemical precipitate formation con-
ditions is given in table 5.2. Unfortunately no technique for quantitatively measuring 
the structural integrity or adherence to the electrode surface was conceived. Therefore 
comments about these parameters are of a subjective and qualitative nature. However 
significant differences in the films formed were observed, for example the size of pre-
cipitate flakes formed. SEM was used to view films under higher magnification, but the 
interpretation is still subjective. 
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Technique Name Experimental Conditions Result 
A negative potential of -3.2 V Successful precipitate Potentiostatic versus AglAgCI was applied. formation occurred between precipitation Times between 15 min and I hand 1 h20min. 1 h 20 min were tested. 
The best current was 
Currents between -5 mA cm-2 -20mAcm-2• Successful 
Galvanostatic and -30 mA cm-2 were tested. precipitate formation occurred 
precipitation Times between 15 min and between 30 min and 50 min. 
1 h 20 min were tested. After this precipitate yield was 
decreased. 
A cyclic scan of potential between Successful precipitation formation occurred between Cyclic potential 0.5 V and -3.2 V versus AglAgCI 1 h and 1 h 15 min when the precipitation at scan rates between 10 mV s-I 
scan rate was between 
and100mVs-1• 50 mVs-l and 100mVs-1• 
A potential of 0.5 V was applied Successful precipitation Potential step for 40 s followed by -3.2 V for formation occurred between 50 precipitation 40 s. This was stepped between 10 
and 60 full cycles. 
and 60 full cycles. 
Table 5.2. Summary of experimental techniques for generating precipitates. 
Potentiostatic deposition involved the use of a constant negative potential which gen-
erated hydrogen at the electrode surface. From EQCN data (section 5.4.8) it is known 
that any potential which generates hydrogen wiIJ generate a deposit. So from approx-
imately -0.4 V versus AglAgCI a film formed on the electrode surface. Although the 
precipitate is highly resistive. it does not form a continuous coating across the surface 
of the electrode as evidenced by SEM (figure 5.2). This porous structure allows the 
hydrogen evolution reaction to continue to produce basic conditions in the vicinity of 
the electrode and allows for continuous precipitate formation past a mono layer. Given 
that the hydrogen is absorbed throughout the experiment the palladium must continue 
to be the main site for hydrogen reduction and not the surface of the film. For practical 
precipitate formation (observation of a precipitate within 30 min) a potential of at least 
- 1.3 V versus AglAgCI had to be applied to the cell. However precipitates formed at 
these potentials were very loose and were easily removed from the electrode surface. 
So a potential of -3.2 V versus AglAgCI was found to produce the best precipitates. 
with the time taken to form these deposits varying from 1 h to 1 h 20 min. Potentiostatic 
deposition provided a simple method for precipitate formation but took a relatively long 
time to form a stable deposit. 
Galvanostatic deposition involved the application of a constant reductive current den-
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Figure S.2. SEM of aluminium (oxy)-hydroxide film 0 11 surface of palladium flag 
electrode. The precipitate was formed by applying a constant current of 
- 20 mA cm- 2 to a palladium flag electrode immersed in aluminium sui fate solu-
tion (0.0 1 mol dm - 3) . To obtain this picture an electron backscatter detector was 
used and the sample was under a variable pressure atmosphere of nitrogen. 
sity at the electrode surface. The area of the electrode referred to is the geometric 
area. Currents from - 5 mA cm- 2 were tested up 10 - 30 mA cm- 2 The most suc-
cessful precipitates were produced at a current density of - 20 mA cm- 2 Precipitates 
formed at lower current densities were less well adhered than those formed at higher 
current densities. At high current densities. greater than - 25 mA cm- 2 , the precipitate 
was loose rather than compact. Successful precipitate formation fo r the - 20 mA cm- 2 
experiments occurred between 30 min and 50 min. After this time hydrogen gas bub-
bles were observed on the electrode surface, which destroyed the structural integrity of 
the deposit. The formation of hydrogen bubbles is attributed to a saturated palladium 
electrode. 
Cycljc potential deposition produced a structurall y sound precipitate when the scan rate 
was between 50 m V 5- 1 and 100 m V S- I. At scan rates lower than this the precipitate 
fo rmed did not adhere to the electrode and was not compact. The precipitates were 
successfully deposited after I h to I h 15 min. This was longer than the galvanostatic 
deposition times which produced similar precipitates. 
Potential step deposition was tested. The electrochemical densification and water ex-
clusion principle was outlined by Wallace6 in his thesis. The basic idea is that the 
potential is stepped between a sufficiently reductive potential to fonn basic conditions 
at the electrode surface and a potential at which hydrogen is oxidised from the palJa-
dium. The theory is that loose parts of the precipitate are redissolved when the potential 
is high enough for hydrogen oxidation to occur as the pH becomes more acidic. This 
process repeated leaves the dense material behind to form a structurally sound precip-
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itate. Visual observation under a microscope of film s prepared by th.is meth.od could 
not determine them to be structurally different from films prepared by other methods. 
Successful precipitate formati on was achieved between 50 and 60 ful l cycles. Before 
this the precipitate formed was thin in profile. 
In summary the best method for producing a precipitate was fo und to be application of 
a constant reductive current of - 20 mA cm- 2 Precipitate was visible with the naked 
eye on the surface from approximately 10 min. Maximal precipitate formation was 
achieved between 30 - 50 min. This was enough time to allow precipitate to form on 
the surface of the palladium from the alkaline layer, before being di slodged by hydrogen 
gassing when the palladium working electrode was near saturation. However, for small 
electrodes a constant potentia l of - 3.2 V versus AglAgCI was found to produce a film 
after approximately 60 min. 
No evidence could be found to confirm or di sprove Wallace's hypothesis that cycl ing 
the potential produced a more compact film . Wallace6 had proposed that loosly bound 
deposit was removed when a potential of 0.5 V versus HgIHg2S04 was applied. Wal-
lace proposed that the material removed was the loosely bound deposit, and when a 
negative potential was applied (- 3 V versus Hg1Hg2S04) a more compact precipitate 
was formed. Wall ace fonned this hypothesis based on visual observations of films un-
der an optical microscope. EQCN evidence presented in section 5.4.8 confinns the 
removal of precipitate when higher potentials are applied. However no evidence to 
support a more compact film or more structurally sound film could be substantiated. 
Measurement of the potential in these experiments needs to be treated with caution. 
Because no supporting electro lyte was used there was a significant IR drop in solu-
tion. This contribu tes to the potential measured by the potentiostat, because a potentio-
stat measures the voltage of th.e ce ll. Normall y the potential is ascribed to that of the 
interface, but this is not a sensible approximation for electrochemical measurements 
recorded here. Although every care was taken when making measurements by using a 
Luggin capillary, the potential measured will still comprise that of the interfacial poten-
tial as well as potential drop in the solu tion . A value of238 n- I cm2 mol - I was deter-
mined using a standard conductivity cell set up for al umin ium sulfate (0.01 mol dm- 3). 
The set up consisted of two platinum black electrodes and the application of a 10 kHz 
ac signal at I Vac. 
When larger surface area electrodes are used, then the potential is varied across the sur-
face, as evidenced by uneven fi lm coverage of the surface. Current measurements are 
reliably recorded by the galvanostat, because the current wi ll be the same throughout 
a series circuit. Therefore comparison of current densities was found to be more ap-
propriate for cathodic electrodeposition. Current may not be evenly di stributed across 
the surface of the electrode, because current flows through the path of least resistance, 
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and if the working and counter electrodes are not (lat and paraJlel then a distribution 
of current will occur. This path of least resistance wi ll change over time as insulating 
precipitate forms and decreases the current. 
5.2.5. Precipitate collection 
Once the electrochemical step was finished, the precipitate was dried in air. The re-
sultant film was then scraped from the electrode using a sheet of palladium, and sub-
sequently collected in a glass sample vial. Samples prepared for further analysis were 
collected. 
5.3. Analysis of the electrochemistry 
The potential-time transient shown in fig ure 5.3 was recorded on a palladium disc elec-
trode. A constant current of - 2.5 !lA was applied to a 0.25 mm diameter electrode 
which equates approximately with a current density of - 20 mA cm- 2. The open cir-
cuit potential is 0.5 V versus AgIAgCI, and as soon as the reductive current is applied 
a jump to a potential of - 1.2 V is observed. This fa ll s steadily for 600 s, before a near 
constant potential of - 2.35 V versus AglAgCI is maintained. 
Figure 5.4 shows the first cycle of a precipitate deposition experiment from aluminium 
sui fate. The potential limits used were 0.5 V and - 3.2 V versus AgIAgCI. Initially there 
was no current until - 0.3 V when proton reduction occurs. This peaks at - 1.6 V versus 
AglAgCI and then water reduction is responsible for the current. On the reverse sweep 
an oxidation current is not observed until - 0.8 V versus AgIAgCI, beyond which the 
oxidation of hydrogen on the palladium surface is responsible for the current. Because 
the palladium is initially free from hydrogen, no current is observed when the cell is 
switched on. The voltammogram is sloped and this is due to the IR drop in solution 
discussed earlier. 
A typical result for a chronoamperometric experiment is shown in figure 5.5. Initially 
a potential of 0.5 V versus AglAgCl is applied and an oxidation current is observed, 
which is due to hydrogen still stored in palladium. Unfortunately this work was carried 
out before the cleaning technique described earli er had been developed. This electrode 
had been prepared by flaming the electrode, in an attempt to bum the hydrogen. This, 
as observed in the experimental data, is on ly partially successful at removing hydrogen. 
Therefore the initial oxidative current is attributed to hydrogen sti ll stored in the palla-
di um wire electrode. On application of - 3.2 V versus AglAgCI a reductive current is 
observed that faci litates precipitate deposition. As the steps are repeated, an increase in 
the oxidation current is observed, presumably due to an increase in the amount of hy-
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Figure 5.3. Potential-time transient for precipitate fo rmation. A constant current of 
- 2.5 \.tA was applied to a 0 .25 mm diameter palladium disc electrode for 60 min . 
drogen in the electrode. After 800 s the amount of hydrogen oxidised from the electrode 
reaches a steady amount. The current due to the reduction of water remains constant 
throughout the experiment. 
Figure 5.6 shows the current time transient of precipitate formation when a constant po-
tential of -3.2 V versus AglAgCI is applied. The cun'ent initially drops from - 18 .5 ~ 
to - 8 ;tA. The general trend of the current for the rest of the experiment is a drop from 
- 8 ;tA to -5~. However the current jumps up and down during this time, pre-
sumably due to precipitate forming or dislodging on the electrode surface, and hence 
changing the overall resistance in the cell circuit. This correlates with the films formed 
under potentiostatic conditions being structurally not very compact. 
Caution is advised in directly comparing the currents and potentials of the different 
methods. The large solution resistance, as evidenced by the slanted cycl ic voltammo-
gram of figure 5.4, varies between each experiment. This is because electrode place-
ment is performed by hand and the exact distance between the reference and working 
electrodes varies. The currents are higher when wire electrodes are used, as would 
be expected given the greater surface area. The constant potential data do not show 
a smooth transient, when compared to the potential-time transient. This is because 
a higher current density is reached due to the low applied potential (- 3.2 V versus 
AgIAgCI). The higher current density demanded at the electrode surface compared to 
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Figure 5.4. Cyclic voltammetry for precipitate formation. A palladi um disc electrode 
(0 .25 mm) was used with potential limits of 0.5 Y and - 3.2 Y versus AglAgCI. 
The fi rst cycle is shown. 0. 01 mol dm- 3 aluminium sulfate solution was used. 
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Figure 5.5. A potenti al step applied waveform and the current time transients recorded 
during precipitate formati on. Potential steps applied were 40 s at 0.5 Y followed 
by 40 sat - 3.2 Y versus AglAgCI repeated. A palladium wire electrode (0.25 mm 
diameter and 2.5 cm was used). 
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Figure 5.6. Constant potential data for precipitate formation. A constant potential of 
- 3.2 V versus AglAgCl was applied for 3600 s to a palladium disc electrode. 
the potential-time experiment must cause precipitate formation to be disturbed resulting 
in varying conditions at and near the electrode surface. 
5.4. Film characterisation 
In this section the structure of the film and its constituents are analysed. This provides 
useful data for the interpretation of the deposition mechanism and for characteris ing the 
humidity sensing characteristics. The data presented wi ll be discussed according to the 
deposition mechanism and the humidity sensing characteristics. All characterisations 
are ex-si tu and after water had evaporated in air or under vacuum from the sample. 
The fi lms were prepared, unless otherwise stated, by applyi ng a reductive current of 
- 20 mA cm- 2 to a palladium flag electrode and collecting precipitate formed on the 
surface from a so lution of aluminium sulfate (0.01 mol dm- 3). 
5.4.1. Scanning electron microscopy 
SEM data provided pictures of the samples as well as composition information through 
use of an EDX instrument. The BDX data shown in figure 5.7 confirm the presence of 
aluminium, oxygen and sulfur as elements present on a sample of the aluminium (oxy)-
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Figure 5.7. EDX of the alu minium (oxy)-hydroxide prepared galvanostaticaliy at 
-20 mA cm- 2 confirmi ng the presence of aluminium and oxygen. Su lfur indi -
cates the presence of sui fate . The gold is present because the sample was gold 
coated before imaging. Hydrogen is too light to be detected by this method. 
hydroxide. Also indicated is the presence of gold, which is observed because samples 
were gold coated before being analysed. This is because samples must be conducting. 
Even with gold coating the most stable images were obtained when the instrument was 
run in variable pressure mode with a backscatter detector. Hydrogen is not shown as an 
element present, because it is too light to be detected . The sample, being under vacuum, 
has had surface water removed. 
As well as indicating the presence of the aluminium oxide and a sul fur containing 
group, most likely sulfate, the data strongly indicate that no other elements heavier 
than oxygen are present in detectable quanti ties. This result was repeated for sepa-
rate crystals and different areas. Rinsing the sample with Milli-Q® water also did not 
affect the EDX outcome, indicating the sul fate is strongly adsorbed or integral to the 
composition of the film. 
SEM images were recorded for two samples prepared by different electrochemical 
techniques. One sample was prepared by a galvanostatic method using a current of 
- 20 mA cm- 2, and one sample was prepared by a potentiostatic method using a poten-
tial of - 3.2 V versus AgIAgCI. As formed films were then removed from the electrode 
and mounted on carbon di scs for analysis. The SEM images are shown as figures 5.8 
and 5.9. EDX data for both samples showed the same result as discussed previously 
in thi s section. Both samples showed a range of particles of vary ing sizes, and no dis-
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Figure 5.8. SEM of aluminium (oxy)-hydroxide prepared galvanostatically at 
- 20 mA cm- I. To obtain th is picture an electron backscatte r detector was 
used and the sample was under a variable pressure atmosphere of nitrogen. 
tinct differences were found between the two. Although the time taken for deposition 
was equal (40 min), the total charge passed will not be and so direct comparison is not 
possible. 
On further magnification a porous type structure is observed (figure 5. 10). This would 
allow fresh solution to diffuse to the electrode surface during precipitate formation. It 
also means that, when used as a gas sensor, a large surface area would be available for 
gases to diffuse to. 
5.4.2. X-ray diffraction 
X-ray crystal di ffraction was undertaken to study the crystal structure of the film . The 
initial sample was collected across numerous galvanostatic experiments on palladium 
flag electrodes. No pretreatment of the sample was necessary. The sample was mounted 
in a plastic sample holder. The pattern recorded is shown in fi gure 5.11 . 
The X-ray diffraction pattern is characteristic of an amorphous material. This result is 
consistent with the X-ray di ffraction analysis of Aries et al. ,69 who generated their film 
by cathodic precipitation from aluminium suI fate solution onto stainless steel. They 
fo und that the film formed was amorphous or poorly crystalline. Vermeulen et al8 1 
added alkali to aluminium sulfate and found that when the pH was below 10 and the 
temperature was below 60 °C, the precipitate was amorphous. At higher pH values and 
at higher temperatures the precipitate consisted of crystallised bayerite. 
The fact that the sample is amorphous as formed confirms that deposition of the film 
does not occur in an ordered fas hion. Small particles of aluminium (oxy)-hydroxide 
must form and coagulate with no long range order. According to Jenkins 11 8 the min-
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Figure 5.9. SEM of aluminium (oxy)-hydroxide prepared potentiostatically at - 3.2 V ver-
sus AglAgCI. To obtain this picture an electron backscatter detector was used and 
the sample was under a vari able pressure atmosphere of nitrogen. 
Figure 5.10. SEM of alu minium (oxy)-hydrox.ide prepared ga lvanostatically at 
- 20 mA cm- 2 To obtain thi s picture an electron backscatter detector 
was used and the sample was under a variable pressure atmosphere of nitrogen. 
Lin Counts 
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29 
Figure 5.11. XRD pattern of alum inium (oxy)-hydroxide at room temperature. The sample 
is amorphous. 
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imum detectable crystal lite size is I f.lm, therefore fi lm consists of crystalli tes that are 
smaller than thi s. 
XRD patterns were then recorded at a range of temperatures up to I 150 °C. The patterns 
recorded are shown in figure 5. 12. XRD patterns and the corresponding match to the 
joint powder diffraction standards database are shown in appendix C. The patterns 
for aluminium (oxy)-hydroxide were recorded with sample mounted on silicon (100), 
because the furnace sample ho lder was made of alumina and initial patterns showed 
reflections which were ambiguous on interpretation. Silicon (lOO) has a reflection at 
69° and does not interfere with the sample reflections. When performing the initial 
temperature ramp experiments, the presence of aluminium sulfate was observed in a 
weakly crystall ine form. 
Upon heating, no reflections of significant intensity are observed until 900 qc. The only 
refl ections matched by the computer were the weak reflections indicating the presence 
of some form of aluminium sulfate. At 900 DC a pattern matching y-alumina is ob-
served, with a diffuse reflection occurring at 46.2 0 . This reflection persists until the 
temperature is increased above 1100 qc. If the sample was returned to room tempera-
ture once the y-alumina had formed and before 1100 QC, then the y-a lumina form was 
stab le. 
At I 150 °C sharp reflections matched to corundum are observed. Upon cooling, this 
is stable at 200 °C (figure 5.1 2) and room temperature. The reflections associated with 
y-alumina di sappear at this higher temperature. 
From the aluminium (oxy)-hydroxide film, the format ion of three materials are possible 
upon heating, an amorphous hydroxide fo rm, y-alumina and corundum. It has been 
shown that y-alumina is more sensitive to relative humidity than a -alumina. 99 However 
it was not possible to test the fired samples for sensitivity to relative humidity, because 
no suitable binder and test method was developed (see section 6.6.1). 
5.4.3. Infrared spectroscopy 
An infrared spectrum of the fi lm was recorded. Peaks were assigned using Nakamoto's 
book on infrared spectra.11 9 They are indicated on the recorded spectrum in figure 
5.13. The spectrum confi rms the presence of a hydroxide group. The stretching band 
is sharper than that for water and can be attributed to a metal hydroxide bond. Com-
paring the slope of the stretching band to those observed at varying OH:AI ratios, 120 
an approximate ratio of 2.2 ± 0.4 can be assigned. The infrared spectrum also indi-
cates the presence of sulfate in the fi lm. All the peaks can be ass igned to aluminium 
(oxy)-hydroxide with adsorbed sulfate. 
Samples were hygroscopic, and care was taken to eliminate water within practical limi-
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Figure 5.12. XRD pattern for aluminium (oxy)-hydroxide. 15° to 66° 2e. Tem perature ru n performed on a silicon 100 wafer. Temperatures recorded were 
800 °C, 900 °C, 1000 °C, 11 00 °C, 11 50 °C followed by 200 0c. Finall y a room temperature XRD of sample in a plastic sample holder was 
carried out, which was identical to the 200 °C XRD pattern. Computer database searching showed the final product to be corundum A120 3· 
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Figure 5.13. Infrared spectrum of aluminium (oxy)-hydroxide deposit. Sample was pre-
pared in a KBr disc and the scan limits were 400 to 4000 cm- I. 
tation. Samples were placed under vacuum overnight before being pressed under air. If 
the samples were not prepared in this way but exposed to air throughout then the pres-
ence of water was evident in the spectrum. For complete eliminati on of water absorbed 
from the atmosphere complete preparation under argon would have been desirable. The 
speed at whic h the fi lm absorbed water is encouraging fo r its appl icability to use as a 
humidity sensor. 
5.4.4. Thermogravimetric analysis 
Results of a thermogravimetric analysis of the fi lm are shown in fi gure 5.14. Initially 
water is removed up to a temperature of 160 °C, which accounts fo r 20 % of the starting 
material . Dehydration of the materi al continues up to a temperature of about 400 cC, by 
wh ich time 37% of the samp le weight has been lost. The weight losses above 600 °C 
are due to the further loss of water from the species present and amount to a further 
15% weight loss. After these we ight losses the y-alumina formed, as characterised by 
XRD. 
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Figure 5.14. Differenliallhermogravimetric analysis of film between 25 °C and 900 0c. 
5.4.5. Gravimetric analysis 
Grav imetric analysis was used 10 determine the sui fate content of the sample. 1.04 g 
barium chloride in 50 ml of hydrochloric acid (l mol dm- 3) was added to 0.005 g 
solid dissolved in hydrochloric acid (l mol dm- 3). All precipitate was assumed to be 
barium sui fate. By this method the sulfate content of the film was determined to be 
10.1 %±2.5% from three samples Cl 0.70%. 12.35% and 7.40%). The large error is due 
to the variation in results with individual samples. Possible sources of error include the 
weighing and the assumption of complete solubility of the original material. 
5.4.6. X-ray photoelectron spectroscopy 
An XPS analysis was carried out to determine whether the sulfate content was higher 
on the surface of the fi lm. The results are shown in table 5.3. 
% I Al I 0 I s i c 
Unrinsed sample 19 60.1 3.5 17 
Rinsed sample 19.6 62 3.8 14.6 
Table 5.3. XPS analysis of rinsed and unrinsed film in atom percent of aluminium, oxygen, 
sulfur and carbon. 
Both resu lts are in atom percent and exclude hydrogen. The result shows that rinsing 
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does not reduce the sulfate content at the surface of the fi lm. Hence the sui fate content 
is not due to aluminium sulfate deposited from the electrochemical solution, because 
this would dissolve on rinsing. The amounts of sulfate are simi lar to those found for the 
whole sample by gravimetric analysis, being approximately 10%. Unfortunately due to 
the carbon impurity the surface sul fate content could not be obtained accurately. 
The carbon observed in the sample has to be an impurity from the laboratory. The lab-
oratory in which these samples were prepared and stored is routinely used for carbon 
powder chem istry. The surface of these samples must have become contaminated when 
drying and stored in the air. None of the other characterisation techniques perfonned 
indicated the presence of carbon. It was noted that whilst running the samples out-
gassing was necessary for some time in the vacuum system. This was presumed to be 
water absorbed on the fi lms. 
5.4.7. Inductively coupled plasma mass spectroscopy 
ICP-MS was used to detennine the aluminium content of a film. The calibration graph 
recorded is shown in figure 5.15. The signal recorded fo r the sample was 559993 counts 
per second which corresponds to an aluminium content of 24%. This is similar to the 
XPS data ( 19%), especially if carbon is assumed to be an impurity (23%). The main 
error in the ICP-MS calculation is the large di lution factor used, which was 9.7 x 106. 
5.4.8. Electrochemical quartz crystal nanobalance 
The EQCN was used to investigate the mass change associated with precipitate depo-
sition on the electrode. There is a mass component both from hydrogen sorption and 
from the deposited mass of precipitate. The fonnation of the precipitate on the sur-
face was sufficient to cause the quartz crystal to stop vibrating once a precipitate with 
sufficient structural integrity was fo rmed. 
An SEM of a pall adium surface with no film is shown in figure 5.16a. Figure 5. 16b 
shows the fi lm fonned after one cycle on an EQCN. The potential limits used were 
o V and - 1.1 V versus AglAgCI. The scan rate used was 20 m V S- I and one cycle 
was carried out. It is clearly observed that a fi lm has formed on the surface of the 
electrode. Even as a very thin film after only one potential cycle a non-contiguous 
fi lm is observed. The layer is not a contiguous passivated layer. The recorded cyclic 
voltammetry is shown in fig ure 5.1 7. 
Figure 5.18 overlays the applied potential waveform and the mass deposited during a 
cycle between 0 V and- I. I V against time. The data shows that the mass deposited on 
the electrode starts at a potential of approximately - 0.6 V. The mass deposited then 
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Figure 5.16. SEM comparison of palladium surface (a) and film deposition after one cycle 
on a palladium surface Cb). 
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Figure 5.17. Yoltammogram for film deposition on an EQCN. Scan limits were 0 Y and 
- 1. 1 Y versus AgIAgCI. Scan rate was 20 mY S- I . A palladium coated quartz 
crystal was used and the solution was aluminium sulfate (0.0 I mol dm- 3) . 
increases rapidly up to - I V on the reverse cycle. The mass then increases until the 
cycle has finished. 
This behaviour can be attributed to the initial generation of basic conditions near the 
electrode surface by the consumption of protons by the palladium. The basic conditions 
favour the precipitation of aluminium (oxy)-hydroxide with adsorbed sulfate balancing 
the charge. This is formed and bonds to the surface of the e lectrode resulting in a rapid 
increase in the mass deposited. The mass of hydrogen absorbed by the palladium is 
assumed to be insign ificant compared to the mass of precipitate deposited. When the 
reaction rate of base formation is slowed with reversal of potential, there is still suffi-
cient precipitate near the electrode 10 allow continuation of mass deposition. Once the 
base fo rmation is stopped , material sti ll diffuses to and adds to the electrode surface. 
Once 0 V is reached then the mass is slowly removed from the electrode surface, pre-
sumably di ssolving back into solution. No information about the nature of the materi al 
dissolved back into the solution is available via this technique. 
5.5. Film precipitation mechanism 
This section wi ll outline a fi lm precipitation mechanism. The electrochemical reac-
tions, which generate the basic conditions under which precipitate formation can occur, 
will be discussed. Consideration will be given to the pH of formation , which is likely to 
be close to the isoelectric point. 121 The solubi lity of aluminium hydroxide is discussed 
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Figure S.18. Mass and potential versus time for film deposition on palladium coated quartz 
crystal. Scan limits were 0 Y and - 1.1 Y at a scan rate of 20 mY S- I. A pal-
ladium coated quartz crystal was used and the solution was aluminium sui fate 
(0.0 I mol dm- J ). 
along with the likely mechanism of formation. Experimental evidence where appropri-
ate is given. Factors influencing the formation kinetics and precipitate composition are 
solvent, additives, temperature and current density. 
Base precipitation usually produces di spersed hydrous oxides.122 The structure is 
fonned via the kineticall y most stable route rather than the thennodynamically favoured 
route. Arrangement was found to be dependent on pH, temperature and ionic strength. 
First the pH change at the electrode surface will be discussed. 
5.5.1. pH change 
For the cathodic precipitation of a hydroxide from an acidic solution a pH change at 
the electrode surface is necessary. In order to investigate the pH change a simple ex-
periment using an indicator was devised to visually observe the rate of growth of the 
pH layer. Two experimental conditions were compared, one where no metal cations 
were present and a second with aluminium metal cations present. When aluminium 
metal cations were present, a precipitate of aluminium (oxy)-hydroxide fonned on the 
surface of the e lectrode. Full experimental details are given in section 3.13. It was nec-
essary to use a thin layer cell to clearly observe the palladium working electrode. The 
universal indicator solution added to the solution changed from red when an acid (pH 
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(a) I=O s (b) I=60 s 
(c) 1 = 180 s (d) 1 = 300 s 
Figure 5.19. Demonstration of pH change occurring at the surface of a palladium electrode 
when a - 2 mA reductive current is applied. The palladium working electrode is 
shown on the right, and the platinum counler is shown on the left. Universal 
indicator changes from red pH 4 to purple pH 10. The cell contained deionised 
water with universal indicator solution. 
4) through a yellow (pH 6) and a green (pH 8) to a dark purple (pH 10). The working 
electrode and counter electrode were fabricated from palladium wire and platinum wire 
respectively. 
A constant reduction current of - 2 mA was applied to the cell containing just water 
and indicator solution. After fifteen seconds a thin dark purple layer was visible near 
the electrode surface. This purple coloured layer continued to extend out into solution 
for as long as the current was applied. Between the ac idic bulk and the basic electrode a 
region of graduated pH was observed, with colours between the low pH red and high pH 
purple visible. At the surface of the platinum counter electrode the universal indicator 
remained red. The results after I, 3 and 5 min are shown in figure 5.19. If current was 
passed for 4 h then two distinct regions were visible, shown in figure 5.20. One had a 
pH greater than 10 and one had a pH less than 4 . 
When aluminium su i fate (0.0 I mol dm- 3 ) was added to the starting solution, then no 
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Figure 5.20. Final result of pH change after 4 h of applying a - 2 mA reductive current to 
a palladium working electrode. Universal indicator shows pH 4 as red and pH 10 
as purple. The cell contained deionised water wi th ulliversal indicator solution. 
pH change near the surface of the electrode was observed, shown in figure 5.21. The 
same electrode reaction as when no aluminium is present must occur. This is because 
no aluminium metal is observed on the surface of the electrode and because aluminium 
deposition occurs at a potenti al significantly lower than that of the formation of hy-
drogen on palladium, - 1.66 Vi i ? compared to 0.05 VI1 4 versus the standard hydrogen 
electrode (SHE). When the palladium electrode was removed, a precipitate .covered 
the surface, which was the same as that found when the experiment was done without 
the indicator. No visible penetration of a pH greater than 4 was observed after I h of 
experiment as evidenced by figure 5.2 1 c. Therefore the high pH layer for deposition 
experiments is small. This evidence proves that the hydroxide ions produced at the 
electrode surface are involved in the formation of the precipitate. 
This technique gives an average pH over an area and does not reveal information about 
any SUb-micron pH gradients. However it does provide useful information about the 
overall extent of the pH change in the presence of aluminium sulfate. 
5.5.2. Chemistry at/near/in electrode 
The first chemistry to consider is the chemistry at the pall adium electrode surface. The 
fo llowing are potential reactions occurring under sufficien tly negative potential at the 
electrode surface. 
(R.S.I ) 
(R.S .2) 
(R.S .3) 
(R.S.4) 
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(a) I =60, 
(b) t = 300, (c) I =36oo , 
Figure 5.21. Demonstration of pH change occurring at the surface of a palladium electrode 
when a - 2 mA reductive current is applied. The palladi um working electrode is 
shown on the right, and the platinum counter is shown on the left. Universal 
indicator changes from red pH 4 to purple pH 10. The cell contained aluminium 
sulfate (0.0 I mol dm- J ) with universal indicator solution. 
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Pd + Hads -> PdHabs (R.S .S) 
Reaction R.5.4 is not a necessary reaction at the electrode surface for hydroxide for-
mation and subsequen t precipitate fo rmation to occur. This was proved by performing a 
deposition of aluminium (oxy)-hydroxide from aluminium sulfate solution 
(0.0 I mol dm- 3) both with and without purging with argon gas. No discernible dif-
ference between the two films formed was found . There is no visible ev idence for re-
action R.S.2, assuming that the hydrogen would bubble off the electrode surface. If the 
electrode material is changed to platinum, then bubbles are observed forming and ris-
ing from the electrode surface. If the electrode is left for sufficient time, the palladium 
electrode becomes saturated with hydrogen and subsequently hydrogen gas bubbles are 
observed. However no visible evidence of hydrogen does not mean that it is not formed 
and a small amount could be dissolving into the solution. 
Reaction R.S . I will occur initi all y as the main reduction reaction at the electrode. The 
initi al pH of the solution is approximately 4. However as the pH rises and the concentra-
tion of protons decreases, then the main electrode reaction wi ll be the reduction of water 
in order to sustain the current, reaction R.S.3. Protons cannot be regenerated at suffi-
cient rate from water to maintain proton reduction as the main cathodic reaction. This 
is evidenced by the immediate change in pH when current is passed. The pH is greater 
than 10, which corresponds to a proton concentration of less than I x 10- 10 mol dm- 3 
Therefore water, which is avai lable in much greater concentrations, would be the main 
source of protons. Palladium can then absorb any adsorbed hydrogen on the electrode 
surface, the mechanism of which was discussed earlier in chapter 4. 
Once the pH has started rising and the abundance of hydroxide is sufficient to begin 
formation of aluminium hydroxide, a precipitation reaction occurs. The consumption 
of hydroxide by the aluminium in solution is not quick enough to prevent a sharp ri se 
in pH at the electrode surface. Particles of aluminium (oxy)-hydroxide fo rm near the 
electrode surface and eventually coagulate on the electrode surface or fall to the bottom 
of the cel l. For palladium materi al collects on the electrode surface, whilst on platinum 
most of the material collects at the bottom of the cell . For platinum the precipitate is 
clearly lighter and less dense compared to that of palladium. This is most likely due 
to the non-interference of hydrogen bubbles for palladium compared to platinum. The 
adherence to the electrode is poss ibly due to the same reason or possibly due to the 
nature of the interface between the metal and the hydroxide deposit. The mechanism 
of fo rmation is most Ijkely by nucleation-growth as found by Li et al 80 for cerium(lV) 
oxide fi lms. Flocculation is the process of smaller particles coagulating and forrrung 
larger particles and best describes this process. The precipitate will also incorporate 
sulfate from the solution, as ev idenced during the characterisation and di scussed in the 
next section. 
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The hydrated AI3+ cation is stable at a pH lower than 585 The reacti ons from which 
the hydroxide precipitate is formed are 
(R.5.6) 
(R.5 .7) 
AI(OH)t + OW ;=: AI (OHh (R.5.8) 
Aluminium(III) is a strongly charged cation and has a large number of waters of hydra-
tion, typicall y 18, which are omitted from the above reactions. Under high pH condi-
tions and at equilibrium the dominant species in so lution will be AI (OH)4. Aluminium 
hydrox ide is insoluble l23 and only an undetectable amount is dissolved in so lution, 
therefore solid formation is favo ured. If the species generated is soluble, then thi s 
species will di sso lve in solution and di ffuse away from the electrode in the normal way. 
Studies in to so lution species are generally equilibrium studies, although some debate 
as to when equilibrium is attained exists in the literature.8S 
Aluminium (oxy)-hydroxide forms rather than aluminium hydroxide, because the reac-
tion is kinetically controlled rather than thermodynamically controlled. There will be 
a range of concentration gradients and species concentrations withi n the solution and 
therefore some thermodynamically un favo ured products can form. Stol et al.82 reported 
a range of di fferent aluminium hydroxide complexes dependent on the hydroxide to alu-
miniu m ratio. The reaction must reach a pH close to the isoelectric point of aluminium 
hydroxide during its fo rmation. The point of zero charge was fo und to be between 
9. I - 9.2 I by Bilinkski et al. 87 Since a pH change is not observable when using indica-
tor so lution, practicall y all the hydroxide ions produced must be consumed to form the 
precipitate . Therefore precipitate coagulation is likely to be the rate determining step. 
The amount o f water that is occluded with the precipitate would require in-situ analys is 
in order to be determined. Once the precipitate is exposed to air, the water content 
is greatly decreased, as it evaporates. An infrared spectrum confirmed that water was 
present in the film . The onl y way thi s water could be removed would be under high 
vacuum, which was the case when the XPS experiments were performed. 
Vermeulen et al.81 added alkali to aluminium sul fate and fo und that when the pH was 
below 10 and the temperature was below 60 °C the precipitate was amorphous. So the 
film prepared here is most likely formed at a pH of less that J 0, since it has been fo und 
to be amorphous as formed. 
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5.5.3. Sulfate inclusion 
Due to the presence of sulfate in the solution it is inc luded in the film . It is Likely that 
there are two main sources of the suI fate. One is surface adsorption on the fo rming 
precipitate as reported by de Hek et al 8 3 The second is residue solution left on the 
precipitate which, when the solvent evaporates, leaves behind aluminium sulfate. 
de Hek et al.83 demonstrated that precipitates obtained from aluminium suI fate solution 
occurred at lower pH values than precipitates obtained from aluminium nitrate and alu-
minium chloride solutions. These authors attributed this to the adsorption of the sulfate 
ion onto the aluminium hydroxide particles. The aluminium particles are positively 
charged due to the species shown in reaction R.5.6 and reaction R.5.7. These authors 
postulated that the sulfate ion would interact with the outer layer waters of hydration. 
The effect would be the neutrali sation of the positively charged aluminium hydrox-
ide particles at a lower pH. The observation of adsorbed sul fate is consistent with the 
composition data shown earl ier. 
When direct precipitation was performed from the addition of potassium hydroxide 
(0. 1 mol dm- 3) to alumin ium sul fate (0.0 1 mol dm- 3) a different structure was ob-
served in the SEM. See figure 5.22 for a compari son of SEM images of a directly 
precipitated film and a cathodicaUy-induced precipitation formed fi lm. The directly 
preCipitated film forms larger grains than the cathodically-induced precipitation fi lm. 
The direct precipitation also incorporated potassium ions from the potassium hydrox-
ide. This is evidenced by an EDX, shown in figure 5.23. The directly precipitated film 
also incorporates sul fate ions, as expected8 3 
The sulfate balances the charge of the AI(OH)2+ and AI(OH)i formed duri ng prec ipi-
tation, and the most likely form is a hydrated aluminium hydroxy-suI fate. This will lose 
water on heating to high temperatures (> 650 °C) to leave aluminium suI fate. Anion 
exchange in sodium hydroxide (0 .1 mol dm- 3) should remove the suI fate if required. 
5.5.4. Terminology 
Based on the description given in thi s section the fo llowing terminology for the pre-
cipitation mechanism is proposed. The term cathodicall y- induced precipitation best 
refl ects the process descri bed. The process is not directl y an electrochemical reaction, 
therefore cathodic precipitati on or electroprecipitation could be mis leading. However 
the cathodic electrochemical reaction is an integral part of the process and so the phrase 
cathodicall y-induced refl ects this. The as produced precipitate can be correctly referred 
to as a ceramic oxide precursor, since fi ring at a suitable temperature wi ll form an oxide. 
Other authors have managed to directly form oxides and therefore have not produced a 
precursor61 ,80, 124 
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(a) (b) 
Figure 5.22. Comparison of SEM images of a cathodically-induced precipitation film (a) 
and of a directly precipitated film (b). The directly precipitated film was pre-
pared by mixi ng potassium hydroxide (0.1 mol dm - 3) and aluminium sui fate 
(0.0 I mol dm- 3). The cathodically- induced precipi tation film was prepared by 
appli cation of a - 20 mA cm- 2 reducti ve current for between 30 min to 50 min 
to a palladium fl ag electrode. 
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Figure 5.23. EDX of directly precipitated deposit 
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5.6. Aluminium chloride solution 
The film precipitate was prepared using the same gaJvanostatic method as for al u-
minium sulfate, but using a solution of aluminium chloride. The XRD patterns recorded 
between 200 cC and 1150 °C are shown in figure 5.24. The reflections indicate the same 
formation of corundum at temperatures greater than 1100 °C and y-alumina formed at 
lower temperatures. Therefore the aluminium (oxy)-hydroxide can be formed from 
aluminium chloride and presumab ly other aluminium salts. 
Temuujin et al7 1 reported that if aluminium sulfate was used instead of aluminium 
chloride as the starting solution, then corundum formed at a lower temperature. These 
authors used direct precipitation from aluminium sulfate solution with base. However 
the XRD evidence presented here does not support this conclusion. 
5.7. Conclusion 
This chapter has detailed the fomlation of aluminium (oxy)-hydroxide using cath-
odicaIly-induced precipitation. Comprehensive characterisation revealed the precipi-
tate formed from al uminium sul fate solution to contain approximately 10% by weight 
aluminium suI fate. Optimal experimental conditions for precipitate formation required 
a clean palladium electrode and a constant current across the working electrode inter-
face. Scaling the process up to larger working electrode areas requ ired adj ustment of 
the electrochemical cell set up. Acidic cerium(IV) suI fate solution was the best method 
for removing hydrogen from a palladium hyd.ride electrode, before the electrode was 
reused. A mechanism for the precipitate formation was proposed, which fits current 
experimental evidence. 
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Figure 5.24. XRD pattern for aluminium (oxy)·hydroxide formed from aluminiu m chloride solution. 15° 1067" 28. Temperalure run performed on a silicon 
100 wafer. Temperatures recorded were 800 °C, 900 QC, 1000 QC, 1100 cC, 1150 °C fo llowed by 800 °C. Compuler dalabase searching showed 
the final product to be corundum A120 3. 
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6. Humidity response of 
aluminium (oxy)-hydroxide 
6.1. Introduction 
The humidity response of aluminium (oxy)-hydroxide films prepared by pulsed poten-
tial and potentiostatic technique for deposition has previously been investigated.6, 7 In 
this chapter the aluminium (oxy)-hydroxide film is characterised for its response to rel-
ative humidity in greater depth. A greater number of relative humidities, film deposition 
techniques and humidity response parameters are considered. Comparison is made to a 
range of commercial sensors. 
Technical terms relating to relative humidity are laid down in a British standard doc-
ument. l25 Humidity is defined as the presence of a vapour in a gas. Throughout this 
thesis the use of the word humidity will relate to the presence of water vapour in a 
sample of air. The maximum amount of water vapour that air can hold increases with 
increasing temperature. 
Relative humidity is defined as 
"the ratio of the actual vapour pressure to the saturation vapour pressure 
over a plane liquid water surface at the same temperature, expressed as a 
percentage:,125 
Therefore if the temperature is increased but the total number of water molecules in the 
air sample is kept constant then the relative humidity would decrease. 
Another common parameter that is measured to indicate the humidity in an air sample 
is the dew point. This is 
"the temperature at which the vapour pressure of the vapour in a humid gas 
is equal to the saturation vapour pressure over a pure liquid." 125 
It is the temperature at which a water condensate forms, when an air sample is cooled. 
Conversion between the dew point and relative humidity is possible using equation 
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6.1 and equation 6.2. This conversion means that any sensor that responds to relative 
humidity can also display the dew point if required. 
. 237.3 (0.66077 -x) 
Dewpomt= x-S.16077 (6.1) 
7.5T () 
x=0.66077+ 237.3+T+logI0 RH -2 (6.2) 
where T is temperature in °C and RH is relative humidity. 
6.2. Twin electrodes 
The twin electrode set up was used to generate a film which could be tested for relative 
humidity. Section 3.7.3 outlines the method for preparation of the twin electrodes. 
The twin electrode set up allowed a film to be grown and then tested for response to 
relative humidity without it being necessary to process the film. In the present work, 
successful bridging between the two electrodes was found to take place under each of 
the following conditions 
• a gaivanostatic current of -20 mA cm-2 was applied for 45 min 
• a potential of -3.2 V versus AglAgCl was applied for 45 min 
• the potential was stepped between -3.2 V and 0.5 V at 20 s, 30 s or 40 s intervals 
for 1 h 
Once formed the precipitate was dried in air at room temperature. The electrode was 
then mounted in a constant humidity chamber, allowed to equilibrate, and then an ac 
signal was applied between the two electrodes. 
6.3. Salt solutions as standards for humidity 
measurement 
The humidity primary standard is gravimetry .125 This involves the accurate weighing of 
a desiccating agent, passing a known volume of a sample over it, and then re-weighing 
the desiccating agent. From the change in weight of the desiccating agent the water 
content per unit volume can be calculated. This method is very time consuming and 
is difficult to set up in order to perform accurate work. Therefore secondary standards 
have been devised which are simpler to set up. A commonly used secondary standard 
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is the saturated salt solution. A saturated salt solution maintains a constant relative 
humidity above it, when placed in an enclosed chamber and allowed to equilibrate. The 
use of saturated salt solutions for humidity control has been widely documented95 and 
they are used as national standards in some countries. Saturated salt solutions are also 
used in commercially available humidity chambers. 
Over a plane water surface the relative humidity is 100% at equilibrium. The air is 
saturated with water molecules from the water. When a salt is introduced, the relative 
humidity falls below 100% at equilibrium. This is because water is not free to escape 
from the water surface, because some is bound to the ions of the salt. Water in the air 
is able to return to the salt solution. Excess salt is needed to maintain saturation, if 
the air above the solution initially contains more water than the equilibrium amount. 
This water will be absorbed by the solution. Therefore when the humidity chambers 
are used, it is essential to maintain saturation to avoid small variations in the relative 
humidity. This is achieved by having a thin (2 mm) layer of saturated water above a 
large amount of excess salt. This thin layer of water prevents concentration gradients 
in the water itself. A relative humidity gradient is also created above the solution,126 so 
elements for testing were placed within 1 cm of the saturated water solution. Martin127 
showed that if a sample significantly absorbs water, it can take a long time to reach 
equilibrium. However this is not the case for the films tested here. 
Temperature was also found to be critical for maintaining a constant relative humid-
ity.128 When the chamber was not temperature controlled, the relative humidity was 
found to vary. This meant that measurements taken were not reproducible. This is 
because equilibrium is temperature dependent. When temperature control was main-
tained, the measurements taken were reproducible. The temperature chosen was 25 cC, 
because all the salts used had literature values published for this temperature. 
It is impossible to know if true equilibrium was reached, but chambers were left for 
5 h before equilibrium measurements were taken. After this time the Vaisala relative 
humidity probe indicated a constant relative humidity value. Higher relative humid-
ity values achieved a stable reading in as little as 30 min, but lower relative humidity 
chambers took longer. This was because they were absorbing water from the air and 
then having to complex this with the excess salt, before equilibrium could be reached. 
6.4. Testing of commercially available sensors 
A range of commercially available sensors was tested for their response to relative 
humidity. Sensors varied in type and price and a list of sensors tested is shown in table 
6.1. 
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Name HS15P P14-G I SMTHS10 I NPH-50A 
Material polymer polymer polymer NiO 
Relative 20-100 0-100 0-100 5-90 humidity range 
Voltage 1 Vac ac 5Vacmax 1 Vac 
Frequency 1kHz ac IQ-100kHz 50-1000Hz 
Accuracy 
(relative ±5% ±1.5% cal ±2% ±3% 
humidity) 
Response time 20min 7s 60 s 3min 
Operating temp. 0-50°C -40-J50°C -40-120°C 0-60°C 
range 
Measure impedance capacitance capacitance impedance 
Cost £3.64 £15.55 £14.17 -
Table 6.1. Specifications of commercial humidity sensors as given on the manufacturers 
data sheet. 
A general consideration when testing and comparing humidity sensors is that the re-
sponse in the laboratory is likely to be different to that when the sensor is used in a 
real environment. Very often the parameters in the laboratory are carefully controlled 
to maximise the response characteristics of the sensors. Another consideration is the 
variation of a sensor's response with temperature. Typically, parameters are measured 
at a single temperature at which the sensor performs well. The response parameters at 
other temperatures can be significantly different to those at the characterised tempera-
ture. Calibration against standards is typically only a one-point calibration. Therefore 
the accuracies quoted are often for one temperature and one relative humidity only. 
The commercial sensor set up chosen to test the accuracy of the humidity chambers 
was a Vaisala HMP46 humidity and temperature probe connected to a Vaisala HMI41 
indicator. This probe used a polymer based sensor. This set up cost £455 and the sensor 
came with a calibration certificate. The instrument was sent to Vaisala every 6 months 
for calibration against their certified standards, traceable to the National Institute Stan-
dards Technology. A calibration certificate is included as appendix B. The probe had 
an accuracy of ±2% and all the humidity chambers used were within this tolerance. It 
was noted that the sensor drifted away from calibration after about 3 months at relative 
humidities above 51%. This was confirmed after recalibration, when the probe again 
accurately gave the humidities in the saturated salt chambers. This result provided 
confidence in the saturated salt solutions as a relative humidity standard. 
The commercial sensors as listed in table 6.1, were tested against the saturated salt solu-
tions' relative humidity chambers. The specifications on the manufacturers' data sheet 
were used, and the appropriate capacitance or impedance measurement was recorded 
using a precision component analyser. The results were then graphed. The linearity of 
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Figure 6.1. NPH-50A commercial humidity sensor response to relative humidity. A signal 
of I Vac at a frequency of 500 Hz was applied and then the output impedance was 
recorded as a function of relative hnmidity. 
the data was analysed by calculating the square of Pearson's product moment correla-
tion coefficient. This was calculated by using equation 6.3. A dataset which is linear 
would return a value of 1.0. A dataset which is not at all linear would return a value of 
O. 
R2 = ( E(x-x)(y-y) )2 
E(x - x)2 E(Y - y)2 (6.3) 
The NPH-50A is a metal oxide humidity sensor, with the active element being NiO. The 
sensor was tested using an applied ac signal of 1 V ac at a frequency of 500 Hz. The 
linear response over the range 6 - 97% relative humidity was excellent, with a square of 
Pearson's product moment correlation coefficient of 0.98. The result is shown in figure 
6.1, with the data shown in table 6.2. The sensor response was linear with relative 
humidity against base 10 logarithm of relative humidity. A range of the impedance is 
wide with values between 49 MO and 1.1 kO. 
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Figure 6.2. HS 15P commercial humidity sensor response to relative humidity. A signal of 
I V ac at a frequency of 1 kHz was applied and then the output impedance was 
recorded as a function of relative humidity. 
I Humidity (%) I Resistance (0) I Log Resistance I 
6 49800000 7.697 
33 6824000 6.834 
51 459000 5.661 
75 13210 4.120 
97 1105 3.043 
Table 6.2. Data recorded for NPH-50A sensor. 
The HS 15P humidity sensor showed an excellent response to relative humidity. The 
response is shown in figure 6.2. The sensor was tested by applying a 1 Vac signal at 
a frequency of 1 kHz. A power trend line shows an almost perfect fit, with a square. 
of Pearson's product moment correlation value of 0.99. The range of relative humidi-
ties covered was from 29% to 85%. The sensor shows an excellent range over which 
the values are taken, with impedance values varying from 1 kO to I n. The sensor 
clearly meets the specifications outlined on its manufacturer's data sheet and was the 
best humidity sensor tested. 
The P14-G humidity sensor was a capacitive type humidity sensor. As is obvious from 
figure 6.3 the response of this sensor was poor compared to the HSl5P and the NPH-
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Figure 6.3. PI4-G commercial humidity sensor response to relative humidity. A signal of 
I V ac at a frequency of I kHz was applied and then the output impedance was 
recorded as a function of relative humidity. 
50A. A signal of 1 V ac at a frequency of 1 kHz was applied. The range over which 
the capacitance was measured is narrow, between 145 pF and 175 pF. The capacitance 
values were widely spread, and this is reflected in the square of Pearson's product 
moment correlation, which has a value of 0.87 for this data. The sensor tested did not 
meet the specifications on the manufacturer's data sheet. An accuracy of ±1.5% is 
clearly optimistic for this sensor, and from these data is probably as much as ±1O%. 
The SMTHS 10 humidity sensor also showed a variance in its response to relative hu-
midity. The result is shown in figure 6.4. A signal of 1 V ac at a frequency of 1 kHz 
was applied. The range over which the capacitance is measured is narrow, with val-
ues between 250 pF and 290 pF between 11 % and 75% relative humidity. The square 
of Pearson's product moment correlation was 0.89 which indicates a spread of data. 
Relative humidity values of 81 % and 85% were also tested but the sensor returned 
capacitance values of 4728 pF and 5717 pF respectively. These were repeatable and 
clearly outside of the specifications given by the manufacturer, who claims a linear re-
sponse from 0 - 100% relative humidity. This is worrying, because these sensors are 
advertised as easy to integrate into electronic circuitry, and it is doubtful that the sensors 
are tested in such a rigorous way as this before use. 
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Figure 6.4. SMTHS 1 0 commercial humidity sensor response to relative humidity. A signal 
of 1 V ac at a frequency of 1 kHz was applied and then the output impedance was 
recorded as a function of relative humidity. 
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The data used to plot the commercial humidity sensors response is included in appendix 
D, table DJ. 
6.5. Optimising electrical output of aluminium 
(oxy)-hydroxide humidity sensor 
In order to test for the optimal applied electrical signal and measurement parameters for 
a linear response to relative humidity, an experiment outlined in section 3.12 was used. 
A 3D plot of linearity of response was plotted against applied ac signal and frequency. 
Linearity was chosen as a desirable characteristic for humidity response, because it 
could be easily integrated into a circuit without the need for complex circuitry. This 
would make a sensor cheaper to produce and easier to explain and sell. Therefore the 
graphs plotted with the data obtained are only useful for a linear interpretation of a 
film's response to relative humidity. These graphs do not give any information about 
other possible non-linear responses of films to relative humidity. The data for these 3D 
plots is shown in appendix D, tables D.3 to D.22. 
For impedance (figure 6.5) the optimal linear response was an applied ac signal of 
20 mV and a measurement frequency of 1 kHz. A typical value of the square of Pear-
son's correlation coefficient was 0.91. The applied ac signal is lower than that used 
for commercially available metal oxide and polymer humidity sensors, which use val-
ues typically of 1 V ac. The variation with applied ac signal was small and this is 
demonstrated by the wave shape of the graph. High and low frequencies showed a 
poor correlation with relative humidity linearity, with typical values of the square of 
Pearson's correlation coefficient of approximately 0.65. 
A 3D plot for resistance (figure 6.6) showed a much greater range of responses de-
pendent on the applied ac signal and measured frequency. Optimal conditions were 
very high frequencies and applied ac signals greater than lOOm Vac. A frequency of 
40 kHz and an applied ac signal of 1 V ac gave a square of Pearson's correlation co-
efficient value of 0.94. The resistance correlation was the highest of all the electrical 
parameters considered. It would have been interesting to try even greater frequencies, 
but unfortunately the limit of the instrument was reached at 300 kHz. Low applied ac 
signals gave consistent but weak correlations, with square of Pearson's correlation co-
efficient of approximately 0.8. At higher applied ac signals and low frequencies only a 
very poor correlation was observed, with square of Pearson's correlation coefficient of 
approximately 0.3. 
For inductance, (figure 6.7) optimal conditions for measurement of relative humidity 
were an applied ac signal of 20 m V ac and a frequency of 150 Hz. The value of the 
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Figure 6.5. Linearity of impedance response for a range of relative humidities between 
II % relative humidity and 85% re lative humidity. Linearity was measured using 
the square of Pearson's correlation coeffi cient (R2). The applied ac signal and the 
frequency were varied between 20 mY ac and I Y ac and 100 Hz and 100 kHz. 
The data is shown in tables D.3 to D.7. 
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Figure 6.6. Linearity of resistance response for a range of relative humidities between 11 % 
relative humidity and 85% relative humidity. Linearity was measured using the 
square of Pearson's correlation coefficien l (R2) . The applied ac signal and the fre-
quency shown were varied between 20 m V ac and I V ac and 20 Hz and 300 kHz. 
The data is shown in tables D.8 10 D.12. 
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Figure 6.7. Linearity of inductance response for a range of relative humidities between 
II % relative humidity and 85% relative humidity. Linearity was measured using 
the square of Pearson's correlation coefficient (R2). The applied ac signal and the 
frequency were varied between 20 m V ac and I V ac and 20 Hz and 300 kHz. The 
data is shown in tables D.13 to D.I? 
square of Pearson's correlation coefficient under these condi tions was 0.92. This is 
an advantage, because smaller ac signals are typically easier to generate especially at 
higher frequencies. High frequencies showed no correlation with a linear response to 
relative humidity. The same wave shape is observed for inductance as impedance, with 
little variation in response when the ac signal is varied. 
Capacitance showed the poorest response to relative humidity (figure 6.8) of all the 
electrical parameters tested. A plateau region with a typical square of Pearson's corre-
lation coefficient of approximately 0.77 is observed for all ac signals up to a frequency 
of 1.5 kHz. At frequencies greater than this the linear response is worse. Therefore ca-
pacitance was ruled out as a measurement parameter for relative humidity when using 
aluminium (oxy)-hydroxide films. 
From these results, measurement of resistance or impedance allowed a linear response 
of the (oxy)-hydroxide film to relative humidity to be correlated with correct choice 
of applied ac signal and frequency. Measurement of capacitance showed the poorest 
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Figure 6.8. Linearity of capacitance response for a range of relative humidities between 
11 % relative humidity and 85% relative humidity. Linearity was measured using 
the square of Persons correlation coeffi cient (R2). The applied ac signal and the 
frequency shown were varied between 20 m V ac and I V ac and 20 Hz and 50 kHz. 
The data is shown in tables D. 18 to D.22. 
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linear response to relative humidity across a wide range of frequencies and ac signals. 
Inductance could be used for measurement of relative humidity in a narrow range of fre-
quencies. It is important to emphasise that these results only apply to a linear response 
to relative humidity. It is possible that a more complicated response, for example poly-
nomial, may produce a more accurate fit for response to relative humidi ty at different 
frequencies or applied ac signals. 
Given the length of time taken to perform these experiments is was not poss ible to 
repeat with different films. There is no reason to think that other films would not have 
an almost identical response, except that the square of Pearson's correlation coeffi cients 
are likely to have a constant offset. This is due to the nature of precipitate fonnation, 
meaning that no two fi lms are ali ke. This is evidenced by the variation in the square 
of Pears on's correlation coeffi c ient fo r fi lms prepared and subsequently tested for their 
humidity response. 
6.6. Testing of aluminium (oxy}-hydroxide 
humidity sensor 
This section details the response characteristics of a film generated by the cathodicaUy-
induced precipitation method. This section also compares the measured characteristics 
and compares them to the commercially available humidity sensors outlined in sec-
tion 6.4. Before use, each individual fi lm requires calibration against known relative 
humidity atmospheres. Each individual film also operates over a different range of 
impedances, presumably dependent on its grain size as well as the exact distance be-
tween the twin electrodes. All sensors produced operated in the mega ohm range of 
impedance. 
Initial testing was consistent with Wall ace et aJ .,6, 7 and a response to relative humidity 
is shown in fig ure 6.9. The fi lm was generated by cycling the potential between 0.5 V 
and - 3.2 V versus AglAgCI for 80 min as reported by Wallace in hi s thesis6 The fi lm 
was tested using a I Vac signal at a frequency of 500 Hz, and an impedance reading 
was taken at nine different relative humidities. This result showed that the films gen-
erated via the electrochemically-induced precipitation method did show a response to 
relative humidity. Using thi s method, distinction between low relative humidities is 
very difficult. Wallace6,7 attributed the gradient difference between the response at low 
humidity and high humidity to di fferent conduction mechanisms. At low humid ity, a 
phonon-induced electron tunnelling conduction mechanism was possible. At high hu-
midity, defi ned once mono- layer water coverage had been attained, proton conduction 
dominated. 
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Figure 6.9. Test of the humidity response of an aluminium (o"y)-hydroxide fi lm formed 
usin g the Wallace6 method. The fi lm was tested using a I V ac signal at a fre-
quency of 500 Hz and an impedance reading was taken at 9 different relati ve hu-
midities. 
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A current of - 20 mA cm- 2 was maintained to the twin electrodes for one hour gener-
ated the precipitate, which was dried to form the film and is characterised. The solution 
used was aluminium sulfate (0.01 mol dm- 3) . This techniq ue was chosen in prefer-
ence to the other techniques (cycling, pulsing, constant voltage) simply because thi s 
was the technique which was used for film characterisation. When fi lms produced by 
cycling, pu lsing or constant voltage were tested , no significant difference in the relative 
humidity response could be determined. 
Standard parameters were tested to enable comparison of the film to commercially 
available sensors. The parameters tested were the speed of response to a step change 
in relative humidity, the drift of the response with time, the linearity of response and 
the reproducibility of impedance values after a change in the relative humidity. For thi s 
work following the following terms are defined 
Response time is the time taken for the sensor to reach a response value that is 
90% of the fi nal response value, when the sensor is exposed to a step change in 
relative humidity. The step change is usually greater than 50% relative humidity. 
The response time is often abbreviated to t90. 
Accuracy is defined as the difference between the read ing of the sensor and the true 
value of humidity. 
Stability is the resistance to change of the sensor response when exposed to a constant 
humidity. 
Long-term stability is measured by characterising any changes in response of the 
sensor after at least 6 months . 
Films were tested using an applied signal of 100 mV at a frequency of I kHz and read-
ings of impedance were taken. The best result obtained is shown in figure 6.10. A 
square of Pearson's product moment correlation coefficient of 0 .962 1 is highly com-
petitive with the commercial sensors outlined earlier. The linearity of response is appli-
cable between I I % and 85% relative humidity. No measurements were made at relative 
humidities lower than 11 %. Above 85% no stable response was observed, although ex-
posure to these high relative humidities did not impair the fi lm response. The response 
of this film gives a relative humidity accurate to ± I 0% across the range tested. The 
error bars ind icated on the graph show two standard deviations from the mean. This is 
the 95.5% confidence interval. The fi lm tested in figure 6. 10 had an average electrical 
impedance response of - 28 kQ per I % rel ative humidity. The raw data is shown in 
table 0 .2 in appendix D. 
The error bars were drawn based on a calculation of the pooled standard deviation 
according to equation 6.4. 
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Figure 6.10. Aluminium (oxy)-hydroxide film 's humidity impedance response, optimised 
for linearity. A frequency of 1000 Hz and a signal of 100 mY ac were applied. 
The square of Pearson's product moment correlation was 0.9621 and the line of 
best fit had an equation of y=-O.0277x+ 14.683. 
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Figure 6.11. Two SEM images of aluminium (oxy)-hydroxide fi lm prepared by galvanos-
tatic deposition using a reductive current of -20 mA cm- 2 The deposition time 
was between 30 min and 50 min. The grain sizes are different despite the same 
conditions being used for precipitation. 
[~ I (Xi - xJ)2 + [ 7;'1 (Xj - X2 )2 + [~';' I (Xk - X3)2 + ... 
NI + N2+ N3 + · ·· - Nr 
(6.4) SpooJed = 
Preparing the film under these conditions did not always produce a film which was 
as linear in its response to relative humidity. Only one film in three had a square of 
Pearson's product moment correlation which was greater than 0.91. Therefore before 
such films could be used, each would not on ly have to be individually calibrated, but 
also a substantial number would be rejected dependent on the desired output tolerance. 
It is not known why there is such a variation in films produced by the same technique. 
It could be due to the randomness of the precipitate formation, however SEM images 
did not reveal any differences between films which had a good linearity of response and 
those that did not. 
The films generated have varying grain sizes as evidenced by the different impedance 
ranges for different films, illustrated in figure 6.1 I. The films tested had impedance 
readings that ranged from I MQ to 25 MQ. 
Each film had to be cali brated individually for the response to relative humidity. This 
is likewise required for commercially available metal oxide type and polymer type sen-
sors. The linearity of response is worse than the published values of the commercial 
sensors purchased. However two of the commercial sensors tested had a poorer re-
sponse to relative humidity than the aluminium (oxy)-hydroxide films. 
The response time (t9O) of the film (figure 6. 12) to a step change in relative humidity 
from 33% to 85% relative humidity at 25 °C was 40 s ± 10 s. This is similar to sensors 
sold commercially that typically publish values between 5 sand 60 s, however sensors 
with up to a 20 min response time are sold. The most precise readings are obtained 
when the film is exposed for at least 20 tHin. A response is shown in figure 6. 12 for 
which the response time is 45 s. A reading was taken after 60 min which was used as 
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Figure 6.12. Response time curve for a film from which the t90 time can be calculated. 
Constant relative humidity of 51% was used. Readings were taken at 5 s inter-
vals. 
the final response, which was 7.30 Mn for this film. 
The film was found to be very stable once exposed to a particular relative humidity. 
Impedance readings remained constant for at least 48 h but have not been tested be-
yond this, as shown in figure 6.13. An impedance value stabilised after 20 min when 
exposed to a given relative humidity. When stabilised the variation between individual 
readings was negligible. This is different to the t90 response, where a reading can be 
within 10% of the final response but not stable. The value was sensitive to a change in 
humidity, for example if the chamber was opened. Stable readings were not observed 
when films were exposed to relative humidities above 85%, with a constant slow re-
duction in impedance observed. The readings drifted, resulting in an apparent increase 
in the relative humidity. This is a well-known effect for metal oxide films exposed to 
high humidities.91 Stable readings were once again observed, when these films were 
exposed to lower relative humidities. 
Long term exposure to high and low relative humidities for these films was not tested. 
It is likely that the sensors would need recalibration, especially if exposed in industrial 
environments, where the air contained contaminants. Before commercial use the ageing 
properties of the film would require study. 
Nahar and Khanna104 noted the importance of acid anions HS04" and SO~- in the 
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Figure 6.13. Stability of response of a film to 29% relative humidity. The response was 
recorded over a period of 48 h. 
mechanism for water adsorption on sensor materials prepared by anodisation of alu-
minium. These species would also be present on the surface of the film prepared 
by cathodically-induced precipitation. Therefore it is reasonable to assume that these 
species also play a role in the humidity sensing properties of the film. 
6.6.1. Use of binder 
An investigation into the use of a binder to hold together the film after removal from 
the electrode was carried out. The idea was that aluminium (oxy)-hydroxide could be 
deposited on a large electrode surface area and then mixed with a binder to form a 
humidity sensor. The requirements for a binder were that it was inert to the relative 
humidity and would not affect the electrical response. The binder also needed to hold 
together the aluminium (oxy)-hydroxide. It was envisaged that if successful the mixture 
could be screen printed between spaced silver ink electrodes and used as a sensor. 
The mixtures tried along with the result are shown in table 6.3. Successful meant that 
the film was held together in a mixture which could be easily applied between two 
electrodes. After the solvent had evaporated, it was also a requirement that the mixture 
adhered strongly between the electrodes. 
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Binder Solvent Result 
PolyvinyIidine difiuoride (PVDF) N,N-Dimethylacetamide Successful 
Polyvinyl alcohol Water Successful 
Polyethlyene oxide Methanol Unsuccessful 
Polyvinyl chloride Acetone Unsuccessful 
Table 6.3. Mixtures used for binders and the result. Solvents used are also listed. 20% 
binder to 80% aluminium (oxy )-hydroxide was used. 
When tested for a response to relative humidity none of the samples had a predictable 
or repeatable response. An example is shown in figure 6.14. 
6.6.2. Commercial application 
An initial aim of this work was to develop a working humidity sensor which could be 
sold commercially. The response of the films characterised compares favourably with 
those tested from commercial sources. The HSl5P sensor and NPH-50A sensor had 
a better linearity of response than the aluminium (oxy)-hydroxide sensor considered 
here. However the aluminium (oxy)-hydroxide sensor had a better linear response than 
the PI4-G and SMTHS I 0 sensors. The aluminium (oxy)-hydroxide sensor held a stable 
reading when exposed to a constant relative humidity. This possibly could be put to use 
in a warning system, when a change in relative humidity could damage a process. Any 
change in humidity would be registered as a change in impedance and an appropriate 
alarm could be raised. The aluminium (oxy)-hydroxide sensor also had a comparable 
response time to the commercially available sensors. 
Important commercial considerations would be 
• the use and cost of palladium as the cathode 
• the set up of the film formation on an industrial scale 
• testing each sensor individually quickly and reliably 
• the end user markets which the sensor would meet 
The cathode could be replaced by other hydrogen sorbing metals as demonstrated in 
section 5.2.1. These films were not tested for their humidity response, but there should 
be no reason as to why these would not be exactly the same as films produced on pal-
ladium. The only possible difference would be the adherence to the different electrode 
substrate. 
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Figure 6.14. Humidity response of a film with PVDF binder (20%). aluminium (oxy)-
hydroxide film (80%) and N.N-dimethylacetamide solvent. The mixture was 
spread thinly between twin electrodes and exposed to a range of relative humidi-
ties. The film was dried before testing. 
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6.7. Conclusion 
An accurate and reliable laboratory based method for the generation of constant hu-
midities has been outlined. The use of saturated salt constant humidity chambers has 
been demonstrated as a practical technique for small scale testing of films. A range 
of considerations for the set up and use of constant humidity chambers has been sum-
marised. 
The response of films generated by the cathodically-induced precipitation method to 
relative humidity has been presented. Films generated using a chronopotentiometric 
method were found to have a linear response to relative humidity at an applied fre-
quency of 1 kHz and 20 mV ac. It was found that the films had a steady response to 
a constant humidity when exposed for 48 h. For comparison, data for commercially 
available sensors have been summarised. Also, the key considerations for comparing 
humidity sensors have been discussed. 
The importance of individually calibrating every film was stressed, which would add 
considerably to the cost of production of any commercial sensor. The electrical re-
sponse was characterised for impedance, resistance and inductance. These parameters 
were optimised for linearity of response for the applied ac signal. 
124 
7. Metal and mixed metal ceramic 
precursor materials 
7.1. Introduction 
This chapter examines other metal (oxy)-hydroxide materials and their potential uses as 
prepared by cathodically-induced precipitation. Initially the results of the cathodically-
induced precipitation of various metal sulfates are discussed. A selection of the films 
formed are then characterised and the results compared to those for aluminium (oxy)-
hydroxide. Finally other uses for the produced materials are discussed, including use 
of a mixed metal film as a positive electrode material in a battery. 
7.2. Metal sulfate starting solutions 
A wide range of sulfate starting materials was used and tested to observe if deposits 
could be formed when a hydrogen sorbing cathode was used. Single metal sulfate and 
mixed metal sulfate starting solutions were used. The solubility of the metal oxide and 
hydroxide are shown in table 7.1, as well as the metal plating potential. The obser-
vations when metal (oxy)-hydroxide film formation was attempted are summarised in 
table 7.2. 
Potassium and sodium have reduction potentials which are very negative, -2.93 V and 
Solubility (g per 100 ml) Plating potential 
Sulfate oxide hydroxide pH (V versus AgIAgCI) 
Aluminium sulfate insoluble insoluble 3.7 -1.884 
Magnesium sulfate insoluble 0.0012 5.38 -2.594 
Zinc sulfate 0.001 0.001 4.63 -1.021 
Copper(II) sulfate insoluble insoluble 4.16 0.069 
Cadmium sulfate insoluble insoluble 4.98 -0.468 
Sodium sulfate hydrolysed 114 5.91 -2.932 
Potassium sulfate hydrolysed 119 5.9 -3.153 
Table 7.1. Solubilities and plating potentiaIs of a range of metal sulfates. Values were taken 
from chemical data books,117,123 except pH, which was measured in the laboratory. 
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Starting metal sulfate solution 
Potassium sulfate 
Sodium sulfate 
Zinc sulfate 
Magnesium sulfate 
Lanthanum sulfate 
Nickel(II) sulfate 
Yttrium sulfate 
Indium sulfate 
Indium and yttrium sulfate 
Yttrium and scandium sulfate 
Lanthanum and yttrium sulfate 
Lanthanum and gallium sulfate 
Observation 
No precipitate formed 
No precipitate formed 
Metal plates as dendrites 
White precipitate formed 
White precipitate formed 
Metal plates 
White precipitate formed 
Metal plates 
White precipitate formed 
White precipitate formed 
White precipitate formed 
White precipitate formed 
Table 7.2. Observation of single and mixed metal sulfate solutions when galvanostatic pre-
cipitate formation was attempted. 
- 2. 71 V versus SHE respectively, therefore the metal does not deposit. Both potas-
sium hydroxide and sodium hydroxide are soluble and would dissolve when formed 
in solution. Zinc, nickel(II) and indium sulfates formed metals on the surface of the 
electrode. Zinc, nickel(II) and indium have reduction potentials of -0.76 V, -0.26 V 
and -0.34 V respectively versus SHE. Metal deposition is favoured at the current den-
sities used over metal (oxy )-hydroxide formation. Metal deposition was also confirmed 
by recording cyclic voltammetry. An example of a voltammogram in zinc sulfate is 
shown in figure 7.1. The stripping peak is not symmetrical due to the lack of support-
ing electrolyte in the zinc sulfate solution. A nucleation-growth peak typical of metal 
deposition was observed in all cases. 
The white precipitates form when a metal is chosen which has a reduction potential suf-
ficiently negative that plating does not occur, but hydrogen evolution does. A necessary 
precondition is that the metal hydroxide is insoluble and the metal sulfate is soluble. 
Whether the precipitate adheres to the electrode depends on the electrode material and 
whether gassing occurs from the surface. Magnesium, lanthanum and yttrium deposits 
did not form on the electrode but collected at the bottom of the cell, when a platinum 
electrode was used. This was attributed to the precipitation being disrupted by gas 
bubbles forming on the platinum electrode surface. 
Deposition experiments from metal sulfate solutions in which the metal was in the plus 
three oxidation state (aluminium, lanthanum, yttrium and gallium) formed the metal 
(oxy)-hydroxide. The only exception was indium from which the metal was plated. 
Deposition experiments from metal sulfate solutions in which the metal was in the plus 
two oxidation state (zinc, nickel and magnesium) formed the metal. Metals in the one 
plus oxidation state (potassium and sodium) did not form a precipitate because the 
respective hydroxides are soluble. When mixed metal sulfates are used, it is possible to 
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Figure 7.1. Zinc deposition and stripping voltammogram. Potential limits were -0.5 V 
and -1.5 V versus AglAgCI and the scan rate was 50 mV s-l. A palladium wire 
working electrode was used. 
prevent metal deposition and favour a mixed metal (oxy)-hydroxide precipitate. This 
has been reported before for other mixed metal complexes.73, 75 
7.3. Characterisation of films 
EOX was used to confirm that a mixture of the two metal (oxy)-hydroxides was de-
posited, when a mixed metal sulfate starting solution was used. These are shown in 
figures 7.2, 7.3 and 704 for yttriumlindium, yttriumllanthanum and yttrium/scandium 
mixtures respectively. They also confirm the deposition of sulfur along with the film, 
presumably as the sulfate. The purity of the films produced is confirmed, with no BOX 
detectable impurities. This demonstrates that a hydrogen sorbing cathode can be suc-
cessfully used to generate mixed metal deposits, without interference from hydrogen 
bubbles. 
An SEM image for the indium and yttrium film is shown in figure 7.5. The precipitate 
itself was typical of the oxide films observed using the SEM. However pure indium 
metal was deposited in small areas of the deposit. This was not typical of mixed metal 
(oxy)-hydroxide deposition. An SEM image of the dendritic metal precipitate formed 
is shown in figure 7.6. EOX of the (oxy)-hydroxide film only confirmed the mixed 
metal content, and therefore the two phases deposited are an amorphous indium and 
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Figure 7.2. EDX data for mixed indium and yttrium (oxy)-hydroxide. Confirms the pres-
ence of indium, yttrium and oxygen in the sample. The sample was prepared by 
application of -20 mA cm-2 to a palladium flag electrode immersed in a mixed 
indium and yttrium sulfate solution (0.01 mol dm-3 each). 
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Figure 7.3. EDX data for yttrium and lanthanum (oxy)-hydroxide. The sample was pre-
pared by application of -20 mA cm-2 to a palladium flag electrode immersed in 
a mixed lanthanum and yttrium sulfate solution (0.01 mol dm-3 each). 
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Figure 7.4. EDX data for yttrium and scandium (oxy)-hydroxide. The sample was pre-
pared by application of -20 mA cm-2 to a palladium flag electrode immersed in 
a mixed scandium and yttrium sulfate solution (0.01 mol dm-3 each). 
yttrium (oxy )-hydroxide and metallic indium. Initial reflections in the XRD pattern 
corresponded to indium metal, which is shown in figure 7.8. 
Sulfate reflections are observed in the XRD pattern, figure 7.8, at 20 values less than 
20°. A metastable phase is observed for indium and yttrium oxide, which has a defect 
fiuorite structure between the temperatures of 600 °C and WOO °C. Above this tem-
perature a mixed phase system of indium and yttrium oxides is observed. Also upon 
cooling the metastable phase separates into a mixed phase system of indium and yt-
trium oxides. This was determined by recording a pattern after heating a sample of film 
prepared from indium and yttrium sulfate to 900 °C for 3 h. The resultant XRD pattern 
is shown in figure 7.7. 
7.4. Gas sensor materials 
The cathodically-induced precipitation method is ideally suited to producing mixed 
metal oxides for use as gas sensors. Mixed metal oxides have been used as solid state 
gas sensing devices since 1968.129 A list of 144 gases detectable and the ppm concen-
tration detectable is given on page 52 of Chou's 1999 book. A large number of metal 
oxide gas sensors have been tested and a range is outlined in the Hilger series on sen-
sors,130,131 Different metal oxides with different mixtures of materials are necessary 
to increase the selectivity and sensitivity of metal oxide gas sensors. The cathodically-
induced precipitation method outlined here is ideally suited to quickly producing a 
range of different mixed metal oxide materials. In addition, access to an ICP-MS in-
strument to determine metal concentrations, XPS to determine surface species and a 
controlled atmosphere chamber would allow screening of a large number of metal ox-
ide compounds. 
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Figure 7.S. SEM of the indium and ynrium oJ<ide fi lm. To obtain this picture a backscat-
ter detector was used and the sample was under a variable pressure aunosphere 
of nitrogen. The sample was prepared by application of -20 mA cm- 2 to a pal-
ladi um Rag e lectrode immersed in a mi xed indium and yttrium suI fate so lution 
(0.0 I mol dm- 3 each). 
Figure 7.6. [ndium metal dendrites observed within the precipitate fonm ed from indium 
and yttrium su lfate solution. 
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Figure 7.7. Indium and yttrium ollides after heating in furnace at 900°C for 3 hours. Shows 
two separate phases, indium ox ide and yttrium oxide. 
7.5. Lithium battery positive electrode material 
Results of testing the lithium battery positive electrode material are discussed in this 
section . A positive electrode material LiMn t Cot Ni ! OZ has been reported in the liter-
ature, 132-136 which has excellent properties fo r use as a positive electrode material in a 
li thium ion battery. Cathodical ly-induced precipitation allows control of the stoichiom-
etry by changing the relative concentrations of the metal sulfates in solution. Results of 
testing the lithium battery positive electrode material are reported in this section . 
Synthetic preparation of the material has been reported by various different methods 
in the literature. Shaju et al. 136 mixed metal nitrate solutions of nickel(II), cobalt(II) 
and manganese(ll) in a I: I : I ratio. A precipitate was formed by dripping this solution 
into lithium hydroxide (I mol dm - 3) before filtering and then firing at 180 °C for J 2 h. 
Then the product was mixed with lithium hydroxide, ground in autogrinder, pressed 
into pellets and fired at 480 °C for 4 h. After thi s the pellets were reground and then 
remade before firing at 1000 °C for 12 h. 
Wang et al. 133 prepared LiMn , Co, Ni ., 02 by firing a mixture of stoichiometri c Ni203, 
J J J 
C0203, Mn02 and LiOH · 2HzO between 850 °C and 1100 °c for 24 h in air. A syn-
thesi s using glycine-nitrate combustion was used by Doeff and Patoux. 132 An aqueous 
so lution of lithium, cobaJt(lJ), manganese(II) and nickel(II) nitrates in stoichiometric 
amounts was mixed with glycine in a molar ratio of 2: I (nitrate:glycine). The solution 
was combusted by evaporating small aliguots of solution to dryness. The residue was 
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Figure 7.8. XRD pattern for mi xed indium and yttrium oxides. 15° to 70° 28 . Temperature run performed on a silicon 100 wafer. Temperatures recorded 
were 80 °C, 200 °C, 300 °C, 400 °C 600 °C, 700 °C, 800 °C, 900 °C, 1000 °C and 1100 0c. Computer database searching showed the fi nal product 
to be a metastable mixed indium and yttrium oxide phase. 
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then calcined at 800 °C for 4 h. Doeff and Patoux also synthesised LiMn 1 Co 1 Ni 1 0 2 by 
1 J J 
evaporating to dryness the same aqueous solution and then heating at 120 °C overnight. 
The solid was then ground and then an nealed in air at temperatures between 600 °C to 
1000 °C fo r between 8 h to 16 h. Hwang et al. 135 used a sol-gel method using citric 
acid as a chelating agent. 
7.5.1. Positive electrode material preparation and 
characterisation 
Formation of the fi lm was achieved by mixing metal sulfates in a ratio of I : I : 1:3 of 
Mn:Co:Ni:Li . A galvanostatic current of - 20 mA cm - 2 was applied, and a brown 
precipitate was formed on the surface of a pallad ium flag electrode. This is the same 
colour as reported in the literature for LiMn 1 Co 1 Ni 1 0 2. 132 This precipitate was dried 
1 J J 
in air and collected to form enough material for analys is or to form an electrode. If 
the current density was less than this, then the precipitate appeared green. This was 
attributed to higher nickel(II) hydroxide content. 
Confinnation of the constituent elements of the film was carried out using EDX. Figure 
7.9 confirms the presence of the mixed metals and oxygen except for lithium which was 
too small to be determined by EDX. In order for the material to function as a battery 
component, li th ium would need to be present, so if the battery worked then li thi um had 
to be present. Also in the fi lm as formed was sul fate deposited from the sui fate starting 
so lution. This may be removed with washing with sodium hydrox ide solution. It was 
however most like ly present in the positive electrode material used for testing here. 
The exact ratios of the metals in the final precipitate were unknown, because the com-
position depends on the hydroxide solubiLities of the metals and their rates of diffusion . 
SEM did not reveal any regular crystals for the film with resolutions down to I ~m as 
shown in fi gure 7. 10. One advantage of the cathodically-induced prec ipitation method 
for preparing these electrodes is that initial mixing occurs during formation in so lution 
at room temperature and not in a so lid state reaction at high temperature. XRD would 
provide valuable information about the exact structure and phase or phases of the film 
before, during and after heating. 
During heating of the film water would be removed and the oxide formed. A tempera-
ture of 900 °C was chosen, because this was the temperature that had been successfull y 
used before. 132. 135 Rather than 12 h, which is typically the time required for formation, 
a time of 6 h was used to form the electrode material. This may be decreased further but 
was not tested . This is a significant decrease in the amount of thermal energy needed to 
produce the electrode material. The film changed fro m brown to a black material after 
heating. The material had a static charge after heating. Before us ing the material (70%) 
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Figure 7.9. EDX of battery positive electrode material confirming constituent elements 
Figure 7.10. SEM of battery positive electrode material. 
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for an electrode it was necessary to mix carbon black (10%) and graphite ( 10%) to en-
hance conductivity along with PVDF binder (10%) to hold the electrode together' The 
mixture was mixed with I-methyl-2-pyrrolidinone before attaching to an aluminium 
current collector. This mixture bound the components of the electrode together to form 
the positive electrode material on the aluminium. 
7.5.2. Battery testing 
Initially propylene carbonate was used as the solvent with saturated lithium chloride 
as the electrolyte. In a commercial battery, an electrolyte so lution with wider voltage 
window would be used, because chlorine gas evolution occurred at a potential greater 
than 3.7 V. Lith ium counter and reference electrodes were used. The cell was kept free 
from water in an inert atmosphere of argon. 
Repeated cycl ing at a current of ± 100 flA is shown in figure 7.11. Voltage limits of 
3.6 V and 2.7 V versus LilLi+ were set for charging and discharging respectively. A 
voltage step is observed when the current is switched from charging to discharging. 
This corresponds to the IR drop and is calculated to be 1000 n for thi s set up. This is 
large, but a gap of approx imately 3 cm between the Luggin and the electrode existed 
due to the cell set up used to maintai n an inert atmosphere. The peak to peak separa-
tion is constant and shows that the battery is highly reproducible when cycled, and the 
electrode material is not breaking down . 
Even though the charging time was short (60 s), the electrode material did not break 
down, indicating that fast charging could be performed using this positive electrode 
material. This is an advantage for rechargeable batteries. 
The plot shown in figure 7. 12 shows that the battery would be very energy efficient with 
the voltage drop between charging and di scharging being only approximately lOO mY . 
The graph has been corrected for IR drop, and thi s would add to the difference between 
the charging and discharging potentials. This can be decreased within a battery by using 
a thin spacer and concentrated electrolyte. 
Figure 7.13 shows charging and discharging In lithium hexaRuorophosphate 
(0.3 mol dm- 3) of the pos itive electrode material . Lithium hexafluorophosphate was 
chosen because it has a wider electrolyte window than the lithium chloride used previ-
ously. The illitial result clearly shows a discharge cycle for LiMn I Co I Ni I 0 2 which is 
l l ! 
not as expected. Charging took 33 min and then the di scharge lasted for 16 h, which 
was the time limit set for the experiment. This could not be due to the secondary bat-
tery characteristics, because a greater amount of charge would be obtained from the 
discharge than added to the battery during charging. The cycl ing of the battery shows 
• All pcrcenlages are weight percent. 
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Figure 7.11. Cycling of cell to test battery electrode material. Current applied was 100 ~ 
and voltage limits of 3.6 V and 2.7 V were used. 
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Figure 7.12. The stale of charge versus vollage for the test electrode. The plot has been 
corrected for JR drop which was determined from switching currents. The cur-
ren! tested was 100 ~. A voltage cut off of 3.6 V was used. 
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Figure 7.13. Cycling of the positive electrode material in LiPF6• A charging current of 
10 !LA was applied and a discharge current of -10 !LA was drawn from the cell. 
Potential limits of 4.2 V and 2.6 V versus LiILi+ were set and a time limit of 16 h 
was set and a reading was taken every 60 s. 
that the same process is repeatable, and the secondary battery characteristics are not 
destroyed by the discharging. 
Two reasons for the extended discharge observed during the lithium chloride exper-
iments are possible. The first is that the rate of discharge was much higher for the 
lithium chloride experiments and therefore an overpotential where the reaction respon-
sible for the extra charge is not reached. The second is that the reference potential is 
relative to the reaction set up between the lithium and the electrolyte, and this may not 
be the same in both solutions. 
The discharge potential of the second reaction started at 3 V versus LilLi+. After a 
period of 168 h the potential had dropped to 2.65 V versus LiILi+ with a constant 
discharge current of -10 }lA being drawn from the cell. This reaction was irreversible 
and therefore a primary battery had been formed. The positive electrode material as 
made can be used as both a primary and secondary battery. At potentials between 
3 V and 4.5 V or during fast discharge rates down to 2.6 V versus LilLi+ a secondary 
battery is possible. At potentials between 3 V and 2.6 V versus LiILi+ a primary battery 
is possible. Figure 7.14 shows part of the discharge curve of the positive electrode 
material when being used as a primary battery. 
The primary battery material reaction at the electrode is attributed to the reduction of 
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Figure 7.14. Constant current drawn from battery cell set up. A constant current of 
-10 flA was drawn for 52.8 h. The electrolyte was LiPF6· 
the sulfate in the electrode material. The reaction cannot be due to any solution based 
species, because these would react spontaneously with the lithium at the reference or 
counter electrodes. The aluminium current collector is stable in the range of potentials 
used as reported by other authors. 132,133 Therefore the reaction is attributed to the 
sulfate in the electrode material. The weight of the sulfate in the electrode material 
is likely to be small, as evidenced by the small sulfur peak in the EDX analysis. In 
theory sulfate can undergo an 8 electron reduction, which would give a battery a large 
capacity. No study of the species formed before and after reduction has been carried 
out, so the sulfate reduction reaction is unknown. 
After the sulfate had been decreased, the complete range of the secondary battery ma-
terial was tested. The result is shown in figure 7.15. A range between 2.6 V to 4.5 V 
versus LiILi+ is possible. The battery material is ideally suited to fast charging, which 
is an advantage for secondary type batteries. On differentiation of the data two distinct 
gradients are discernible for both the charging and the discharging. The different gra-
dients have been attributed by other authors to the oxidation or reduction of different 
metals within the electrode material.135 
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Figure 7.15. Cycling of battery positive electrode material in LiPF6 after one week of 
drawing current. A charging current of 50 ~ was applied and a discharge cur-
rent of -50 ~ was drawn from the cell. Potential limits of 4.5 V and 2.6 V 
were set. A LiILi+ reference electrode was used. 
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7.6. Conclusion 
An overview of conditions required for precipitate formation by cathodically-induced 
precipitation at a hydrogen sorbing cathode has been presented. A range of metal and 
mixed metal (oxy)-hydroxides has been formed. The feasibility of developing a gas 
sensor from these materials was discussed. 
A route to the synthesis of a lithium ion battery positive electrode material has been 
presented. The inclusion of sulfate in the electrode material means that it can be used 
as both a primary and secondary battery. The work is preliminary in nature, and a range 
of parameters could be optimised. The exact composition of the metals from different 
starting solutions, and then their usefulness as a positive electrode material could be 
tested. The rates of charge and discharge could be thoroughly examined, as well as 
the cycle lifetime of the system. For developing a practical battery a suitable electrode 
spacer would need to be developed. The electrode material could also be tested with or 
without sulfate. 
This chapter has also demonstrated that cathodically-induced precipitation is applica-
ble for producing a wide range of room temperature metal oxides and mixed metal 
oxides. Starting materials are simple and cheap and only require that the solution has 
an insoluble hydroxide or oxide under basic conditions. 
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The aim of this work was to study the cathodically-induced precipitation of metal (oxy)-
hydroxides and to evaluate their possible use as the active component in gas sensors. 
The formation of a cathodically-induced precipitate of aluminium (oxy)-hydroxide was 
optimised for large palladium working electrodes (> 1 cm2), when a reductive current 
of -20 mA cm-2 was applied to the hydrogen sorbing cathode. Crucial in the experi-
mental design was that the working and counter electrodes are parallel to each other in 
order to maintain an even current distribution. A study of other deposition techniques 
revealed that potential control could also be used for successful precipitate formation. 
A method for reusing the palladium for repeated hydrogen sorption was developed, 
so that the palladium could be used indefinitely. The method required cleaning the 
palladium in sulfuric acid, acetone and cerium(IV) sulfate solution to remove deposit 
residue, organics and hydrogen respectively. Palladium prepared by this method aged, 
meaning that it appeared cracked and crinkled. However this had no detrimental effect 
on the ability of the palladium to sorb hydrogen. 
Characterisation of the aluminium (oxy)-hydroxide film formed by cathodically-ind 
uced precipitation revealed a 10 wt % sulfate content. Aluminium accounted for 24 
wt % of the film and the rest was oxygen and hydrogen. Temperature resolved X-ray 
diffraction was used to transform the amorphus film to IX-alumina by in-situ heating. 
XRD patterns taken as the film was heated revealed a y-alumina phase between 900 °C 
and 1100 cC. An EQCN study demonstrated that dissolution of the precipitate was 
possible. The aluminium (oxy)-hydroxide film was hygroscopic, and this allowed it to 
be used as the active component in a humidity sensor. 
A practical humidity sensor can be made using a cathodically-induced precipitate of 
aluminium (oxy)-hydroxide as the sensing film, prepared using a twin working elec-
trode set up. After being dried in air, the film formed between the twin electrodes could 
be incorporated into a suitable circuit and tested for its response to relative humidity. 
When tested for a response, a linear correlation could be obtained if a lOOm V ac signal 
was applied at a frequency of 1 kHz. The measured impedance could be taken to give 
a linear response with a Pearson's product moment correlation coefficient of greater 
than 0.91 in one out of three sensors tested. The linearity of response was shown to 
be comparable to commercial sensors available. The inconsistency in the humidity 
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response was attributed to the random nature of precipitate formation. Before com-
mercialisation, an efficient testing and calibration method would need to be developed. 
A Pearson's product moment correlation up to 0.96 was possible with the aluminium 
(oxy)-hydroxide films. 
It was successfully demonstrated that cathodically-induced precipitation using a hydro-
gen sorbing cathode can be used to produce a range of metal and mixed metal (oxy)-
hydroxides. Indium and yttrium oxide, prepared from a mixed metal sulfate solution, 
was characterised and a metastable phase with a fluorite structure was observed be-
tween 600 QC and 1000 QC. This suggests that the method could be used to form new 
metal oxide compounds. 
A positive electrode battery material was prepared using cathodically-induced precip-
itation. The electrode material was designed for lithium ion batteries, which are com-
monly used as rechargeable batteries in laptops and mobile phones. The material, which 
contained lithium, nickel(II), manganese(II) and cobalt(II) oxides, was formed and suc-
cessfully tested as a rechargeable battery material. This new route for the synthesis of 
the secondary electrode material required less energy than previously published meth-
ods. The material demonstrated excellent cyclic reproducibility between currents of 
0.1 mA and 1 j.l.A. A voltage window between 3 V and 4.5 V versus LiILi+ was tested. 
At low currents and between 2.6 V and 3 V the material could be used as a primary 
battery. The reduction of sulfate was proposed as the electrode reaction. The primary 
battery lasted for over 7 d at a current of 10 j.l.A. 
A first order phase transformation of palladium to {3-palladium hydride was identified 
for the first time. A nucleation loop observed during hydrogen loading of a palladium 
coated quartz crystal clearly showed nucleation-growth kinetics. This was shown to be 
diagnostic of a first order phase transformation. 
The testing of a broad range of gases would be the logical extension of this work. The 
cathodically-induced precipitation at a hydrogen sorbing cathode technique allows the 
formation of different mixed metal oxides by controlling the starting solutions. A huge 
range of metal oxide materials with different stoichiometries could be tested. The com-
position could be tailored to gas target in order to improve sensitivity and selectivity. A 
quick testing procedure would be essential to screen a wide range of compositions and 
gases. For the aluminium (oxy)-hydroxide humidity sensor a method of screen printing 
the material, so that it retained its humidity sensitive properties, would be desirable. 
The battery positive electrode material could also form the basis for some interesting 
further research. Compositional control of the material could be studied and then the 
materials tested for their suitability as battery positive electrodes. Further investiga-
tion of the primary battery behaviour of the positive electrode material would also be 
interesting. A primary battery using sulfate and propylene carbonate would be cheap 
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to produce and could have a large potential window when used with lithium as the 
negative electrode material. 
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A. Nucleation-growth 
This appendix is work originally done by Fletcher et al.116 and has been adapted to il-
lustrate the applicability of the mathematical model to a phase transformation. The ap-
pendix also contains information gathered in conversation with Prof. Stephen Fletcher. 
To begin with it is useful to understand nucleation-growth processes. Nucleation-
growth processes are an important element of electrochemistry. Nucleation-growth 
processes are fundamental to phase changes within systems. Phase changes cannot be 
explained by applying a small perturbation to a system. For a phase change to occur 
a large perturbation is applied to a system. The mathematics required to explain the 
phenomenon is complex and non-linear. The first important point to understand is that 
there are two rates, a nucleation rate and a growth rate. One process triggers another 
process, and reversing one does not necessarily influence the other. For example, re-
turning the trigger to its starting position cannot return a bullet fired out of a gun to the 
barrel. The first process irreversibly starts the second process. 
It will be instructive to consider the case where processes are controlled by the potential 
applied to a system. The case outlined below is for an inter-facially controlled process, 
where the material required for crystal growth is always available. The assumption is 
also made that the time passed is sufficiently short to avoid the overlapping of crystals, 
so individual crystals can be treated independently. Figure A.l shows the growth of a 
crystal on a surface. 
For a nucleation-growth process the rate of nuclei appearing on the surface with respect 
to time is denoted A(t). The rate of appearance can be sensibly approximated as a 
regular function when averaged over time, rather than the random appearance found in 
surface 
Figure A.t. A crystal growing on a surface following the laws of nucleation. The nucle-
ation point A and radial growth rate k are shown. 
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a real system. Each appearance of a nucleus starts an independent variable time denoted 
't". 
The total number of crystals can be calculated from N = A(t) x t, where A(t) is the rate 
of appearance of the nuclei and t is the elapsed time. 
A.1. Case 1 . constant potential 
The rate of radial growth of each crystal is defined as k, which is a function of time after 
the formation of a nuclei k( 't"). The growth rate is identical for each individual crystal 
and is independent of the nucleation time, if a fixed potential is applied. The growth 
rate increases with time, because the surface area of the growing crystal increases with 
time. 
From this knowledge a mathematical model of the system can be constructed. It can be 
written that 
l k('t")d't"=R(a,b) (A. I) 
The rate of growth of the crystal integrated with respect to nucleation time will give the 
radius of a hemispherical crystal between the time interval a to b. 
Time t is the measurement time for the total current The total current is the summation 
of the currents due to the individual crystals. This is illustrated in figure A.2. The total 
current can be related to the rate of change of volume as shown later. The current due 
to an individual crystal can be calculated from the nucleation time ('t") to the time of 
measurement (t) and the crystal growth rate (k). 
If the volume was dependent on the rate of appearance of crystals and their time of 
appearance, then the total volume is a convolution of the nucleation rate and the growth 
rate and would be 
27& (' 
V(t) = 3" Jo A( 't")k(t - 't")d't" (A.2) 
A.2. Case 2 - triangular scan of potential 
If the potential is increased over time, then the growth rate is affected as shown in 
Figure A.3. 
For the case of varying potential, the nucleation time does affect the growth rate. As-
suming that the point-process rate of appearance of the crystals over a small interval is 
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Figure A.2. Diagram to illustrate the current of individual crystals nucleated at different 
values of t. The time of measurement is denoted t with the red line. Constant 
potential is assumed. 
Figure A.3. The effect of increasing the potential with time on the growth of crystals 
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given by A ( 't"). For any particular value of't" it can asked "what are the number of nuclei 
which have fonned?" Strictly this is 0, however if we measure over a small time d, then 
a particular number of nuclei are fonned. This function is A( 't"), that is the number of 
formed nuclei with starting time 't". 
If this is repeated for all intervals up to time t (the measurement time) and multiply each 
number by the volume those crystals reach, then summation gives the total volume of 
material. V(t) (the total volume of material at a given time) is related to the charge. 
V' (t) is related to the current by equation A.3. 
l(t) = nFpmV'(t) (A.3) 
where l(t) is the observed electrical current (amperes) at time t, and n is the number of 
electrons exchanged in one elementary step of the reaction. F is Faraday's constant and 
Pm is the density of the material in mol m -3. V' (t) is the rate of change of the crystal 
volume in m3 s-I. 
The volume of a hemisphere is given by 
2Jr R3 
3 
(A.4) 
where R is the radius of a hemispherical crystal. We assume that the growth of a single 
crystal is hemispherical. The volume of a crystal when measured at time t is dependent 
on its rate of growth after nucleation and the elapsed time. The total volume is also a 
function of the rate of appearance of the crystals A( 't") integrated with respect to 't" (that 
is the total number of crystals). 
The rate of radial growth is now k(t). The rate is a function of the appearance time, 
since the potential is changing with respect to time, provided that k(t) is not a function 
of't" (which it is not if diffusion is not involved, and if the process is inter-facial). The 
rate will be faster at later t but this is a function of potential (as shown in figure A.3) 
not the time after the nucleation, 't". Therefore the radius is a function of the appearance 
time integrated with respect to time. 
tk(t)dt=R(a,b) (A.5) 
For a triangular scan of potential the volume is dependent on the potential and the 
elapsed time. Therefore the total volume of material prior to inter-crystal collisions at 
time t is given by the integral equation of the Volterra type shown in equation A.6. 
V(t) = 2n {t A('t")[R(t,'t")]3 dt 
3 Jo 
The first derivative gives the rate of change of volume and is 
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Eapp 
T t 
Figure A.4. Triangular scan of potential. t is the time elapsed and T is the time of reversing 
the potential 
2n: (' V/(t) = 3" Jo A(-r)3 [R(t, 't")fk(t)dt (A.7) 
since from equation A.5 R(a,b) differentiates to k(t). This can be simplified to 
V/(t) =2n:k(t) lA('t")[R(t,'t")fdt (A.S) 
The second derivative is 
V" (t) = 4n: [k(t)]2l A( 't")[R(t, 't"))dt + 2n:k' (t) 10' A( 't") [RCf, 't"f dt (A.9) 
from the chain rule for differentiation. Differentiating first with kCt) held constant and 
then with [R(I, 't")f held constant. 
The scan of potential which perturbs A(t) (appearance rate of nnclei as a function of 
time) and k(t) has the form 
vt O<t<T 
v[2T -T) T <t < 2T (A.10) 
o otherwise 
and is depicted in figure A.4. 
To see a loop of the form illustrated in figure A.5 a maximum must occur in the range 
T <t<2T. 
For this system the growth rate k(t) varies as shown in figure A.6 and the current 
V' et )varies as shown in figure A. 7. 
For times where t 2': T and V" (t) > 0 and k > 0 the following is true. Beyond the 
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V'(t) 
Eapp 
Figure A.s. Example of a nucleation loop. T is the turnaround time. 
+ 
k(t) 
t 
Figure A.6. Growth rate increases until time T, and then decreases thereafter. 
V'(t) 
T t 
Figure A. 7. Current increases after the turnaround time T 
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turnaround potential, if the second differential of volume has a gradient greater than 0, 
then a maximum has to occur. The time past the turnaround potential can be defined 
as T+, so that the condition V" (T+) > 0 expresses that the gradient past the turnaround 
time has a gradient greater than O. V"(T+) is the derivative of V'(t) from the right of 
time T and is depicted in figure A. 7. It can be stated that when t > T then k' (t) < 0, as 
is obvious from figure A.6. From this we can write 
(A. 11) 
Since right of T the rate k' (t) will be negative, hence the sign change and the modulus 
symbol. 
A crystal nucleated at time 0 will always have a radius greater than a crystal nucleated 
at time 't'. Therefore R(t, 't') ::; R(t, 0) is true and it can be written that 
V" (t) ?: 4n [k(t)f r' A( 't')[R(t, 't')] d't' - 2n Ik' (t) 1 t A( 't') [R(t, 't')J[R(t, 0)] d't' (A.12) Jo· Jo 
An R(t, 't') has been replaced with the inequality to give equation A.l2. This can be 
simplified to equation 
V" (t) ?: {4n [k(t)]2 - 2n I'" (t) 1 [R(t, O)]} la' A( 't') [R(t, 't')] d't' (A.l3) 
Sufficient criterion for V" (T+) ?: 0 is 
(A.l4) 
since for V" (T+) to be greater than 0, the left hand side of the bracketed section of 
equation A.12 must be greater than the right hand side. The integral equation of the 
Volterra type appears on both sides of the equation if expanded and can be canceled 
under these conditions. The factors of n cancel and R(O, t) can be substituted using 
equation A.S. 
Equation A.14 only depends on the functional form of k(t). Substitution for many 
functional forms of k(t) verify the appearance of a maximum on reverse scans. The 
only criterion is that the growth rates of crystals are not explosive functions of E. It 
must be noted that Equation A.14 provides sufficient criterion, and that a wider range of 
conditions producing a maximum on the reverse scan is possible. It can also be shown 
that a maximum would be observed, if an IR component is added to the model. 116 
It is important to note that this derivation relies on independent crystals, and that once 
inter-crystal collisions occur the maxima may not be observed. 
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For a nucleation-growth system under diffusional control the model has a greater level 
of complexity. Under diffusional control the growth rate, k, of the crystal becomes a 
function of its nucleation time, 1", too. Therefore equations A.6, A.8 and A.9 are invalid. 
The replacement equations are 
V(t) = - A(1") [R(t,1")]3d1" 21r lot 
3 0 
(A.lS) 
V' (t) = 2n 10' A( 1") [R(t, 1")f k(t, 1")d1" (A.l6) 
V"(t) = 41r fot A( 1") [R(t, 1")][k(t, 1")f dH 21r 10' A( 1") [R(t, 1"lf k'(t, 1")d1" (A.l7) 
These can only be solved numerically. For hemispherical diffusion a maximum on the 
reverse scan is always observed.116 
A physical interpretation of the maximum can be described as follows. Without nucle-
ation nothing can grow, so before the nucleation rate explodes crystals do not appear. 
The nucleation rate is explosive, so crystals appear rapidly over the surface of the elec-
trode after a suitable potential has been reached. They can then grow at the crystal 
growth rate determined by the potential. When you sweep the potential back, the crys-
tals keep growing over an increased surface area although slightly slower than at the 
reverse potential. There are still a huge number of nucleation events and so new mate-
rial is still being deposited, which can grow at this slightly slower rate. This is why the 
rate of growth of the current increases, despite the reversal of the potential. The total 
number of nuclei is increased past the reversal potential, and so although the growth 
rate is slower, the total rate at which material is deposited is increased. 
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1(1) (+) VAISALA CertifiCllt~ No H17.c6120133 1_11111 ••• 11 •• 11 
Instrument 
Serial number 
Manufacturer 
Calibration date 
Test procednre 
Mer adjustment 
HMI41 indicator, HMP45 Humidity and temperature probe 
Z2430031 (HMI41) ,Y2830020(HMP45) 
Vaisala Oyj, Finland 
26th March 2006 
doc21046Oa 
The above instrument was calibrated by comparing the relative humidity and temperature readings to two 
HMP233 factory working standards. AI. th",.time:of shipment;'· the instrument described above met its operatiog 
specifications. /',0~::~j;~!!r};' ·V;\i,c"".;!' •. :" 
The relative humidity readingsoftlie tWo~3 factory working 'siaildatI/s hlI.~ been calibrated at the Vaisala 
factory by using HYGR01>l,~,~Wpoiillriletet. HYGRO M-3 de#ointioeterbaSbeen calibrated at Vaisala 
Measurement Standards LabOiaiorY (MSt»i using the MSLprbnarY st8Ddaid itaceable to the NlST. The 
temperature readings of tlt" tWo ilMP233 fiiCtory working standardSbave been calibrated at MSL by using the 
MSL working standard traceable to theNlST. The temperature cahOnltion at MSL has been accredited by the 
FINAS according to the ISO/IEC 17025.'<, 
Calibration resUi~S:;;~Z>::" .. " ,." .,':,'; ,,;0,;:,'S":,;6!'; 
0.4/',";, .. ' "';',,,,,\ 0.4 i',c,·" ,; •••. :,. .. ' 0.0 "",,' ', .. ·.;.,' ..... ,,;,,:1:1.0 
,,-25.2c2,~;'·,.;ic;c ~-·~.··.·",25.2 1. ,<.,,,. 0.0' ;,o;·,.'·c",;"",',:tl1) , 
Reference ~~~r;~2:ig'1rved ~mpera~c 'l;:'? Dur~~ce \.;';;:;~~b!~ diIIerence 
+23.5 +23.5,," 0.0 :to.2 
Uncertainties ( 9S % collfldence level, k=2 ) 
'-", '." (' CertIII<Iote imJbbei." :,: 
~:~=~.;Z;:' 
KlJ08..l'W0875·'/0: . 
KOO8-N00876' ' 
.·NOOI60· 
Humidity ±1.I%RH@O . .1S%RH,±1.6%RH@ lS .. 78%RH, ±l.7%RH@78 .. 93%RH 
Temperature ± O.lS"C 
Ambient conditions I Humidity 29 ± 5 %RH, Temperature 24 ± 1 "c, Pressure 1012 ± I hPa 
For Vaisala Oyj 
,~-' 
€-
Niklas Piiroinen 
Thi.! report slulll not be reproduced =.pllnful~ without the written approval ofVai.rala. docOJIXJ24f 
VaisalaOyj 
Vanha Nurmijllrventie 21 
FIN-01670 Vantaa, Finland 
Te!. (+ 358 9) 8949 2658 
Fax (+ 358 9) 8949 2295 
http://www.vaisala.com 
Domicile Vantaa, Finland 
Trade Reg. No. 96.607 
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D. Humidity Chamber Results 
This appendix contains tables of raw data used for plotting humidity sensor responses. 
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D. Humidity Chamber Results 
PI4-G SMTHS10 HS15P 
RH Capacitance (pF) Capacitance (pF) Impedance (ill) 
11% 149.11 257.33 
29% 152.69 254.74 735.2 
33% 154.04 260.95 411.37 
43% 158.9 273.74 72.4 
51% 157.2 272.95 36.49 
58% 164.77 422.05 17.42 
69% 160 285.6 6.18 
74% 164 4.0156 
75% 164.24 289.2 3.814 
81% 171.12 4728 2.586 
85% 172.03 5717 1.741 
Applied signal 1 V ac 10kHz 10kHz 1 Vac 1kHz 1 Vac 
Table 0.1. Raw data for commercial humidity sensors. 
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RH 11 11 11 11 11 29 29 29 29 33 33 33 33 43 43 43 43 
Run 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
10min 14.32 14.54 14.57 14.67 13.94 14.41 13.32 13.38 13.68 13.26 13.25 14.04 14.13 13.32 13.24 13.05 
15min 14.35 14.63 14.68 14.72 13.96 14.44 13.31 13.4 13.68 13.27 13.25 14.06 14.1 13.3 13.22 13.03 
20min 14.37 14.63 14.63 14.75 13.96 14.45 13.33 13.41 13.68 13.28 13.24 14.05 14.07 13.29 13.22 13.02 
25min 14.4 14.65 14.66 14.72 13.97 14.45 13.33 13.4 13.68 13.28 13.24 14.05 14.07 13.29 13.22 13.02 
30min 14.38 14.65 14.67 14.74 13.97 14.46 13.34 13.4 13.68 13.28 13.24 14.05 14.06 13.29 13.23 13.02 
35min 14.38 14.66 14.67 14.75 13.97 14.46 13.34 13.4 13.68 13.27 13.24 14.05 14.06 13.27 13.23 13.02 
40min 14.37 14.66 14.68 14.75 13.97 14.46 13.31 13.41 13.68 13.28 13.24 14.05 14.06 13.27 13.22 13.02 
45min 14.41 14.66 14.67 14.76 13.98 14.47 13.31 13.4 13.68 13.28 13.24 14.04 14.05 13.27 13.22 13.02 
50min 14.39 14.65 14.7 14.76 13.97 14.47 13.32 13.4 13.68 13.28 13.24 14.04 14.06 13.27 13.22 13.03 
55min 14.39 14.67 14.71 14.75 13.98 14.5 13.31 13.39 13.68 13.28 13.24 14.03 14.05 13.27 13.22 13.02 
60min 14.39 14.66 14.71 14.75 13.97 14.49 13.31 13.41 13.68 13.28 13.22 14.03 14.06 13.27 13.22 13.02 
I RH 11 51 I 51 I 51 I 51 I 65 I 65 I 65 I 65 I 75 I 75 I 75 I 75 I 85 I 85 I 85 I 85 I 
Run 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
10min 13.25 13.28 13.3 13.24 13.09 12.85 13.64 12.59 11.77 12.09 13.23 13.55 11.83 12.56 12.49 12.63 
15min 13.25 13.29 13.3 13.24 13.07 12.85 13.62 12.58 11.75 12.09 13.2 13.54 11.8 12.54 12.49 12.61 
20min 13.24 13.3 13.31 13.24 13.05 12.85 13.61 12.57 11.74 12.08 13.19 13.53 11.79 12.54 12.47 12.6 
25min 13.24 13.31 13.31 13.24 13.05 12.85 13.6 12.57 11.73 12.08 13.18 13.52 11.79 12.54 12.46 12.59 
30min 13.24 13.29 13.32 13.25 13.04 12.85 13.6 12.57 11.73 12.08 13.17 13.52 11.77 12.53 12.45 12.58 
35min 13.26 13.3 13.33 13.25 13.03 12.85 13.61 12.57 11.73 12.08 13.17 13.52 11.76 12.53 12.45 12.57 
40min 13.25 13.33 13.32 13.25 13.03 12.85 13.61 12.57 11.72 12.08 13.17 13.51 11.75 12.53 12.45 12.56 
45min 13.25 13.32 13.32 13.26 13.03 12.85 13.61 12.57 11.72 12.07 13.17 13.51 11.73 12.52 12.44 12.55 
50min 13.24 13.32 13.33 13.26 13.03 12.85 13.61 12.57 11.77 12.07 13.17 13.5 11.72 12.52 12.44 12.54 
55min 13.25 13.31 13.32 13.26 13.02 12.85 13.61 12.57 11.77 12.07 13.17 13.5 11.72 12.51 12.44 12.54 
60min 13.25 13.32 13.33 13.26 13.02 12.85 13.61 12.57 11.77 12.07 13.17 13.5 11.72 12.51 12.44 12.53 
Table D.2. Raw data for aluminium (oxy)-hydroxide sensor exposed to different relative humidities. All values given have the units of mega ohm. An 
applied ac voltage of 100 mV ac and a frequency of 1000 Hz. 
~--------------------------------------------------------
D. Humidity Chamber Results 
v (Hz) 11% 1 29% 33% 143% 1 51% 65% 1 75% 185% 1 RZ 
20 12800 7160 6630 2972 1927 146.1 119.3 70.8 0.868 
25 15500 8000 7630 3173 2004 137.7 112.5 67.0 0.846 
30 18300 8400 8080 3183 2007 130.9 107.1 64.1 0.812 
40 21800 8680 - 3161 2030 121.4 99.4 59.9 0.770 
60 22400 8720 8500 3173 1998 110.5 90.2 55.1 0.764 
80 20850 8800 8400 3128 1989 104.2 84.7 52.3 0.784 
100 18800 8760 8400 3100 1986 100.1 81.0 50.5 0.811 
120 17300 8740 8290 3118 1987 97.2 78.1 49.2 0.831 
150 18700 - 8150 3067 1924 93.9 74.9 47.8 0.803 
200 15200 8140 7650 3000 1934 90.7 71.3 46.2 0.847 
250 - - 6910 - 1920 88.7 68.7 45.2 0.807 
300 11800 7750 7310 3007 1934 87.2 67.2 44.5 0.887 
400 11300 7310 6845 2913 1887 85.2 64.9 43.5 0.889 
500 9530 6860 6410 2867 1877 84.0 63.4 42.8 0.903 
600 8230 6340 5955 2843 1874 83.1 62.4 42.3 0.912 
800 6120 5480 5220 2782 1861 82.0 61.1 41.6 0.911 
1000 5550 5070 4830 2669 1810 81.2 60.3 41.1 0.912 
1200 4694 4520 4298 2586 1781 80.6 59.7 40.7 0.908 
1500 3800 3836 3646 2451 1726 80.0 59.2 40.3 0.900 
2000 2882 3044 2892 2213 1640 79.4 58.6 39.8 0.878 
2500 2482 2829 2517 2023 1544 78.8 58.2 39.5 0.858 
3000 2180 2399 2135 1838 1454 78.4 57.9 39.2 0.858 
4000 1646 1839 1637 1531 1278 77.9 57.6 38.9 0.825 
5000 1327 1497 1322 1307 1142 77.5 57.3 38.6 0.797 
6000 1131 1282 1141 1145 1024 77.0 57.1 38.3 0.781 
8000 857.6 979.2 870.5 904.5 841.4 76.5 56.7 37.9 0.753 
10000 690.7 792.2 703.5 745.4 708.1 76.0 56.5 37.7 0.736 
12000 581.0 667.0 591.0 634.0 611.0 75.5 56.2 37.6 0.727 
15000 570.0 543.0 481.0 518.0 507.0 74.7 55.8 37.4 0.809 
20000 355.0 411.5 364.0 397.0 391.5 73.6 55.2 37.0 0.708 
25000 286.5 333.0 295.0 323.0 321.0 72.5 54.7 36.7 0.702 
30000 241.0 280.0 248.5 273.0 273.0 71.4 54.1 36.4 0.696 
40000 179.8 209.8 186.8 204.6 205.0 68.5 52.7 35.8 0.693 
50000 144.5 170.0 150.5 166.0 167.0 66.1 51.5 35.3 0.681 
60000 120.4 142.0 125.6 138.8 139.8 62.8 49.9 34.5 0.673 
75000 99.0 114.0 104.0 118.0 118.0 60.5 48.5 33.8 0.633 
100000 71.0 86.0 76.0 84.0 85.0 53.5 44.6 32.2 0.603 
120000 59.0 72.0 64.0 70.0 72.0 49.0 41.5 30.6 0.557 
150000 48.0 59.0 52.0 65.0 57.0 44.0 38.0 29.4 0.442 
200000 35.0 43.5 38.5 42.5 44.0 35.5 32.0 26.2 0.345 
300000 23.0 28.0 25.5 27.0 28.5 24.0 23.0 20.0 0.231 
Table 0.3. Impedance response at a range of relative humidities. The applied ac voltage 
was 20 m Vac. Impedance readings are recorded in kilo ohms. 
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D. Humidity Chamber Results 
v (Hz) 11% 29% 33% 43% 51% 65% 75% 85% R' 
20 62800 21160 11280 3632 2230 150.0 119.1 72.2 0.634 
25 83000 21700 11830 3662 2230 140.4 111.9 68.1 0.583 
30 85000 21760 11850 3671 2216 133.0 106.5 65.0 0.579 
40 76000 21850 11700 3631 2194 123.2 98.9 60.6 0.600 
60 70000 21260 11780 3575 2167 111.7 89.8 55.4 0.614 
80 53400 20740 11620 3531 2147 105.0 84.3 52.3 0.670 
100 42400 20300 11580 3481 2138 100.6 80.5 50.3 0.720 
120 36300 19660 11390 3462 2133 97.5 77.7 48.9 0.749 
150 34300 - 11050 3444 2109 94.1 74.9 47.5 0.728 
200 25750 17500 10630 3377 2093 90.5 71.0 45.8 0.797 
250 - 16900 9925 3292 2065 88.2 68.6 44.8 0.689 
300 17560 14880 9815 3318 2076 86.6 66.9 44.0 0.817 
400 14280 12860 8975 3255 2050 84.5 64.6 42.9 0.840 
500 11500 11110 8220 3204 2034 83.1 63.1 42.2 0.848 
600 9610 9730 7510 3159 2018 82.1 62.1 41.7 0.854 
800 7300 7765 6334 3051 1986 80.8 60.8 41.0 0.864 
1000 6044 6616 5512 2929 1943 80.0 59.9 40.5 0.869 
1200 5066 5552 4810 2819 1903 79.4 59.4 40.1 0.878 
1500 4077 4549 4022 2641 1842 78.8 58.8 39.6 0.877 
2000 3084 3496 3148 2370 1736 78.1 58.3 39.1 0.866 
2500 2517 2862 2612 2131 1627 77.6 57.9 38.8 0.850 
3000 2107 2409 2212 1922 1523 77.2 57.7 38.6 0.831 
4000 1592 1833 1693 1591 1337 76.6 57.3 38.2 0.795 
5000 1283 1483 1373 1350 1181 76.1 57.0 37.9 0.767 
6000 1078 1248 1159 1170 1053 75.8 56.8 37.7 0.747 
8000 815.8 947.2 881.1 918.7 858.3 75.1 56.5 37.3 0.719 
10000 656.3 764.1 712.3 755.9 720.3 74.6 56.2 37.1 0.702 
12000 550.0 642.5 598.5 641.0 619.0 74.1 55.9 36.8 0.691 
15000 443.0 517.5 482.5 522.5 511.5 73.5 55.6 36.6 0.680 
20000 335.0 391.8 366.2 398.6 394.8 72.3 55.0 36.1 0.671 
25000 269.6 316.0 295.0 323.0 322.0 71.3 54.5 35.8 0.663 
30000 225.8 264.8 247.8 271.6 271.8 70.1 53.8 35.5 0.658 
40000 170.8 200.4 187.3 206.0 207.0 67.8 52.6 34.9 0.651 
50000 137.5 161.8 151.2 166.6 167.8 65.3 51.2 34.3 0.641 
60000 115.0 135.2 126.6 139.5 140.8 61.7 49.7 33.7 0.631 
75000 93.5 110.0 102.0 113.0 114.0 57.6 47.4 32.7 0.619 
100000 69.5 82.5 76.5 84.0 86.0 52.2 43.6 31.1 0.575 
120000 58.0 68.0 64.5 71.0 72.0 48.0 40.4 29.7 0.534 
150000 46.6 55.0 51.5 55.5 57.5 42.2 36.6 28.0 0.493 
200000 35.2 14.6 38.8 43.0 43.6 35.0 31.1 25.0 0.008 
300000 23.6 27.6 25.8 28.6 29.0 25.0 23.0 19.9 0.231 
Table D.4. Impedance response at a range of relative humidities. The applied ac voltage 
was 100 m Vac. Impedance readings are recorded in kilo ohms. 
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D. Humidity Chamber Results 
v (Hz) 11% 29% 33% \ 43% \ 51% \ 65% \ 75% \85% \ R2 
20 113000 15440 12440 3808 2300 145.2 124.7 72.5 0.506 
25 144000 15760 12740 3793 2288 136.2 117.1 68.5 0.480 
30 130000 15700 12650 3757 2271 129.8 111.5 65.3 0.491 
40 100000 15600 12590 3700 2248 120.7 103.6 60.9 0.525 
60 80000 15400 12450 3635 2215 110.3 94.3 55.7 0.559 
80 61600 15600 12380 3591 2195 104.3 88.7 52.6 0.612 
100 49400 14920 12090 3559 2180 100.3 84.8 50.6 0.656 
120 41900 14660 11950 3540 2171 97.4 82.0 49.1 0.694 
150 35600 14080 11680 3498 2147 94.5 78.8 47.6 0.730 
200 27550 13420 11210 3463 2137 91.2 75.2 45.9 0.786 
250 - 12170 10800 - 2128 89.2 72.7 44.8 0.842 
300 18500 11990 10290 3409 2118 89.7 71.0 44.0 0.849 
400 14660 10650 9360 3348 2092 85.8 68.6 43.0 0.869 
500 11770 9460 8510 3300 2080 84.5 67.1 42.2 0.880 
600 9865 8455 7755 3241 2058 83.9 66.0 41.7 0.885 
800 7460 6905 6506 3132 2021 82.4 64.7 40.9 0.893 
1000 6096 5860 5598 3000 1980 81.6 63.8 40.4 0.897 
1200 5106 5042 4874 2877 1938 81.1 63.2 40.0 0.898 
1500 4113 4168 4064 2692 1873 80.4 62.7 39.6 0.894 
2000 3113 3219 3175 2406 17598 79.7 62.1 39.1 0.042 
2500 2526 2642 2618 2159 1651 79.3 61.6 38.8 0.856 
3000 2115 2229 2216 1943 1542 78.9 61.4 38.5 0.834 
4000 1599 1701 1696 1605 1350 78.3 61.0 38.2 0.794 
5000 1288 1377 1375 1359 1191 77.8 60.6 37.9 0.764 
6000 1080 1159 1159 1176 1060 77.5 60.4 37.7 0.742 
8000 817.3 881.1 881.6 922.2 862.6 76.9 60.1 37.4 0.714 
10000 657.7 712.0 711.7 756.8 723.3 76.3 59.7 37.1 0.696 
12000 550.0 598.0 597.5 641.5 621.5 75.8 59.4 36.8 0.684 
15000 443.4 482.0 482.5 522.5 512.0 75.1 59.0 36.6 0.674 
20000 335.0 364.8 365.8 398.8 395.6 73.9 58.4 36.3 0.662 
25000 269.8 294.2 294.6 323.0 322.5 72.6 57.7 35.9 0.655 
30000 226.0 246.6 247.2 271.6 272.0 71.4 57.0 35.7 0.650 
40000 170.9 186.9 187.1 206.3 207.5 68.7 55.6 35.1 0.640 
50000 137.7 150.8 151.0 166.6 168.0 66.0 54.0 34.5 0.629 
60000 115.0 126.1 126.3 139.6 141.0 63.1 52.3 33.9 0.616 
75000 92.5 101.0 102.0 113.0 115.0 59.0 49.6 32.8 0.585 
100000 69.5 76.5 76.5 85.0 86.0 52.6 45.4 31.2 0.547 
120000 58.0 64.0 63.0 71.0 73.0 47.5 42.2 29.8 0.492 
150000 47.0 52.0 51.5 56.0 57.5 42.0 38.0 27.9 0.473 
200000 35.2 38.8 38.4 43.2 43.6 34.4 31.8 24.8 0.338 
300000 23.6 25.6 26.0 28.4 29.0 24.4 23.4 19.7 0.194 
Table D.S. Impedance response at a range of relative humidities. The applied ac voltage 
was 200 m Vac. Impedance readings are recorded in kilo ohms. 
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D. Humidity Chamber Results 
v (Hz) 11% 29% 33% I 43% I 51% I 65% I 75% I 85% I R2 
20 195000 19615 13310 4503 2330 127.4 126.0 66.9 0.466 
25 195000 19660 13340 4469 2311 121.3 120.3 63.7 0.466 
30 160500 19500 13232 4433 2291 116.9 116.0 61.2 0.484 
40 119400 19315 13082 4384 2265 110.2 109.6 57.6 0.520 
60 87600 18925 12854 4320 2232 102.9 102.4 53.6 0.567 
80 66750 18520 12674 4280 2209 98.6 97.3 51.2 0.619 
100 54400 18155 12490 4252 2194 95.6 93.6 49.6 0.663 
120 45400 17710 12330 4229 2182 93.5 90.9 48.5 0.704 
150 37580 17005 11972 4194 2166 91.3 87.7 47.3 0.745 
200 28590 15870 11554 4150 2151 88.6 83.6 45.8 0.801 
250 - 14900 11168 4109 2135 86.9 80.6 44.9 0.758 
300 19330 13660 10562 4076 2127 85.7 78.5 44.2 0.854 
400 14805 11816 9594 3996 2105 84.0 75.3 43.2 0.873 
500 11926 10420 8700 3913 2086 82.8 73.0 42.5 0.881 
600 9992 9153 7900 3826 2068 82.0 71.3 42.0 0.887 
800 7564 7315 6608 3647 2030 80.8 68.9 41.2 0.893 
1000 6125 6095 5654 3460 1989 80.0 67.3 40.7 0.896 
1200 5134 5203 4912 3273 1946 79.4 66.1 40.3 0.894 
1500 4136 4264 4091 3011 1879 78.7 64.8 39.9 0.887 
2000 3129 3278 3192 2626 1765 77.9 63.4 39.4 0.867 
2500 2528 2672 2623 2307 1653 77.3 62.6 39.0 0.845 
3000 2117 2251 2219 2046 1545 76.9 61.9 38.7 0.824 
4000 1602 1714 1700 1658 1353 76.2 61.1 38.4 0.787 
5000 1289 1386 1378 1384 1193 75.7 60.5 38.1 0.760 
6000 1080 1164 1160 1188 1062 75.3 60.0 37.8 0.739 
8000 817.5 884.3 882.4 923.7 863.7 74.6 59.4 37.5 0.713 
10000 657.8 713.1 712.3 754.6 724.0 74.0 58.9 37.2 0.696 
12000 550.8 597.8 597.7 637.6 621.6 73.5 58.5 37.0 0.686 
15000 443.4 482.1 482.2 517.9 512.5 72.8 58.0 36.7 0.675 
20000 334.9 364.9 365.3 394.5 395.5 71.5 57.2 36.3 0.664 
25000 269.6 294.1 294.4 319.0 322.1 69.5 56.4 35.9 0.657 
30000 225.7 246.5 246.8 267.9 271.7 68.3 55.6 35.6 0.652 
40000 170.8 186.9 187.1 203.6 207.5 65.9 54.1 34.9 0.643 
50000 137.6 150.7 150.9 164.4 168.0 63.6 52.6 34.3 0.633 
60000 115.1 126.1 126.3 137.8 141.0 61.0 50.9 33.7 0.622 
75000 92.5 101.5 101.7 110.6 113.8 57.2 48.2 32.7 0.603 
100000 69.8 76.6 76.8 83.7 68.0 51.4 44.1 31.1 0.695 
120000 58.4 64.2 64.3 70.1 72.1 47.2 41.1 29.8 0.528 
150000 50.0 51.6 51.7 56.5 58.1 41.7 36.9 27.8 0.550 
200000 35.4 39.0 39.1 42.7 43.9 34.6 31.2 24.9 0.362 
300000 23.8 26.2 26.3 28.8 29.6 25.3 23.3 20.0 0.185 
Table D.6. Impedance response at a range of relative humidities. The applied ac voltage 
was S()() m Vac. Impedance readings are recorded in kilo ohms. 
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D. Humidity Chamber Results 
v (Hz) 11% 29% 33% 1 43% 1 51% 1 65% 175% 1 85% 1 Rl 
20 232000 21880 13558 4467 2324 107.6 91.2 64.5 0.457 
25 196500 21700 13504 4426 2302 104.7 88.1 55.5 0.471 
30 162500 21505 13392 4395 2284 102.2 86.8 54.1 0.489 
40 124200 21200 1324 4350 2259 98.9 84.1 52.0 0.474 
60 89700 20685 13020 4293 2228 95.4 80.3 50.0 0.572 
80 68200 20170 12814 4257 2208 92.7 78.5 4S.7 0.625 
100 55650 19660 12630 4232 2193 91.5 77.3 47.6 0.668 
120 46540 19145 12470 4213 2183 90.2 76.1 47.0 0.70S 
150 38440 18375 12160 4185 2169 88.8 74.9 46.1 0.748 
200 28880 16915 11678 4143 2152 87.2 73.3 45.2 0.801 
250 - - 11106 410 2137 86.1 72.1 44.5 0.493 
300 19535 14340 10670 4073 2128 85.2 71.3 44.0 0.850 
400 14875 12250 9670 3989 2106 84.1 70.1 43.1 0.869 
500 11976 10594 8757 3908 2087 83.3 69.3 42.6 0.878 
600 10038 9279 7949 3821 2067 82.6 68.7 42.2 0.884 
800 7595 7392 6644 3641 2029 81.8 67.7 41.5 0.892 
1000 6135 6136 5671 3452 1988 81.1 67.1 41.1 0.894 
1200 5142 5232 4928 3266 1944 80.7 66.6 40.8 0.893 
1500 4140 4284 4102 3002 1876 80.1 66.1 40.4 0.887 
2000 3134 3289 3200 2613 1763 79.4 65.4 40.0 0.868 
2500 2528 2676 2625 2296 1653 78.9 64.9 39.7 0.846 
3000 2118 2254 2222 2035 1545 78.5 64.6 39.4 0.825 
4000 1603 1716 1701 1647 1354 77.9 64.0 39.0 0.789 
5000 1290 1387 1379 1378 1194 77.4 63.6 38.8 0.761 
6000 1081 1166 1161 1180 1063 77.0 63.3 38.5 0.741 
8000 817.5 884.7 882.7 917.0 865.0 76.4 62.7 38.2 0.714 
10000 657.9 713.4 712.6 749.0 725.1 75.9 62.3 37.9 0.698 
12000 550.9 598.0 597.9 632.7 622.5 75.4 61.9 37.7 0.687 
15000 443.4 482.2 482.4 513.8 513.1 74.7 61.4 37.4 0.677 
20000 335.0 365.0 365.3 391.4 395.9 73.6 60.6 37.0 0.666 
25000 269.6 294.1 294.4 316.5 322.3 72.4 29.7 36.7 0.661 
30000 225.7 246.5 246.8 265.8 271.8 71.1 58.8 36.3 0.654 
40000 170.9 186.9 187.2 202.1 207.6 68.7 57.1 35.7 0.644 
50000 137.7 150.7 150.9 163.1 168.1 66.0 55.3 35.0 0.634 
60000 115.2 126.1 126.4 136.7 141.0 63.2 53.3 34.4 0.622 
75000 92.5 101.5 101.8 109.9 113.8 59.1 50.2 33.4 0.601 
100000 69.8 76.7 76.8 83.1 86.1 52.8 45.5 31.7 0.559 
120000 58.4 64.2 64.4 69.7 72.1 48.3 42.1 30.4 0.520 
150000 46.9 51.6 51.7 56.1 58.1 42.5 37.4 28.4 0.457 
200000 35.4 39.0 39.1 42.4 43.9 35.1 31.3 25.4 0.353 
300000 23.9 26.3 26.3 28.7 29.6 25.5 23.1 20.4 0.183 
Table D.7. Impedance response at a range of relative humidities. The applied ac voltage 
was 1 Vac. Impedance readings are recorded in kilo ohms. 
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D. Humidity Chamber Results 
I v (Hz) 11% I 29% I 33% 143% I 51% 65% 75% 85% RZ 
20 12680 7040 6580 2990 1942.0 160.22 131.02 76.01 0.869 
25 17250 8070 7610 3165 2003.5 149.73 122.70 72.31 0.819 
30 18200 8330 7980 3169 2005.5 141.61 116.25 68.69 0.811 
40 19950 8810 - 3184 2027.0 130.15 107.06 63.62 0.793 
60 24000 8880 8530 3174 2013.0 116.69 96.06 57.67 0.747 
80 24200 9500 8620 3151 1995.0 108.97 89.45 54.28 0.754 
100 25500 9480 8840 3137 1997.5 103.94 84.94 52.12 0.741 
120 29000 9610 9060 3174 2004.0 100.40 81.59 50.57 0.709 
150 23800 - 8490 3082 1918.5 96.46 77.70 48.89 0.759 
200 22600 8810 8310 3050 1946.5 92.54 73.58 47.09 0.759 
250 - - 7690 - 1901.0 89.92 70.65 45.89 0.790 
300 27000 9300 8780 3102 1963.0 88.39 68.75 45.07 0.721 
400 20900 8360 7980 3981 1914.0 -86.04 65.99 43.89 0.786 
500 21500 8630 8100 2994 1912.0 84.65 64.27 43.13 0.767 
600 23700 8680 8200 3002 1919.5 83.68 63.08 42.58 0.741 
800 26800 9250 8670 3055 1940.5 82.43 61.60 41.81 0.721 
1000 20400 8370 7820 2929 1887.0 81.51 60.65 41.25 0.774 
1200 20200 8370 7890 2928 1885.0 80.90 60.05 40.86 0.777 
1500 21500 8500 7950 2940 1888.4 80.28 59.43 40.44 0.762 
2000 23300 8700 8190 2963 1896.5 79.59 58.83 39.95 0.746 
2500 20700 8100 7370 2857 1845.0 79.11 58.46 39.64 0.758 
3000 18700 7950 7230 2831 1829.0 78.69 58.10 39.35 0.783 
4000 18750 7830 7160 2809 1810.0 78.17 57.73 38.98 0.779 
5000 19050 8000 7180 2819 1815.0 77.81 57.50 38.69 0.777 
6000 14600 7160 6505 2680 1756.0 77.42 57.26 38.45 0.827 
8000 13820 6805 6145 2627 1725.0 77.00 57.01 38.10 0.830 
10000 13740 6720 6005 2591 1709.0 76.67 56.81 37.97 0.828 
12000 13000 6900 5900 2600 1720.0 76.40 56.65 37.83 0.843 
15000 10500 5600 5100 2400 1590.0 75.92 56.41 37.62 0.862 
20000 9800 5600 4700 2360 1570.0 75.56 56.06 37.40 0.872 
25000 13000 5600 4800 2400 1600.0 75.30 55.88 37.24 0.797 
30000 14000 5400 4700 2400 1580.0 75.00 55.68 37.04 0.767 
40000 9000 4000 3330 2140 1440.0 74.30 55.32 36.76 0.824 
50000 3000 4400 3800 2300 1500.0 74.20 55.25 36.66 0.771 
60000 1200 3200 2800 1900 1300.0 73.30 54.90 36.40 0.534 
75000 - - - - 1500.0 74.00 55.50 36.20 0.703 
, 
100000 - - - - - 77.00 56.00 36.40 1.000 
120000 - - - - - 76.00 55.00 36.50 0.999 
150000 - - - - - 74.00 56.00 37.00 1.000 
200000 - - - - - 84.00 60.00 37.00 1.000 
300000 - - - - - 75.00 54.00 35.00 0.999 
Table D.S. Resistance response at a range of relative humidities. The applied ac voltage 
was 20 m Vac. Resistance readings are recorded in kilo ohms. 
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D. Humidity Chamber Results 
v (Hz) 11% 29% 33% 143% I 51% 65% 75% 85% RZ 
20 64800 21320 11290 3664 2239.0 165.47 130.88 78.66 0.627 
25 84000 21840 11830 3677 2236.5 153.73 122.27 73.72 0.581 
30 85000 21880 11830 3675 2223.5 144.93 115.78 69.95 0.579 
40 97000 22150 11900 3649 2205.0 132.60 106.54 64.58 0.556 
60 102000 21800 11810 3607 2170.8 118.37 95.62 58.24 0.546 
80 101000 21740 11870 3550 2156.6 110.21 89.04 54.56 0.547 
100 104000 21780 11940 3503 2144.0 104.79 84.53 52.15 0.543 
120 117000 21780 11950 3476 2139.6 100.92 81.20 50.46 0.525 
150 110000 - 11490 3472 2110.0 96.85 77.46 48.68 0.578 
200 90000 21000 11540 3415 2105.6 92.52 73.28 46.76 0.562 
250 - 20150 10540 3379 2086.6 89.73 70.48 45.50 0.651 
300 94000 21120 11560 3379 2094.8 87.92 68.43 44.61 0.555 
400 75000 20320 11160 3332 2073.2 85.38 65.69 43.37 0.590 
500 73000 19980 11130 3320 2064.6 83.79 63.96 42.56 0.593 
600 71500 19800 11020 3309 2060.0 82.72 62.77 41.99 0.595 
800 70500 19320 11000 3295 2051.8 81.26 61.26 41.23 0.595 
1000 55800 18260 10490 3243 2029.4 80.33 60.33 40.67 0.635 
1200 52400 17680 10330 3224 2020.2 79.69 59.72 40.23 0.644 
1500 47600 16940 10090 3195 2007.6 79.03 59.10 39.78 0.659 
2000 42000 15860 9750 3154 1987.0 78.29 58.47 39.27 0.678 
2500 38700 15540 9480 3120 1970.0 77.87 58.14 38.95 0.693 
3000 32000 14400 9030 3067 1944.2 77.45 87.84 38.69 0.726 
4000 27700 13150 8530 3001 1912.2 76.89 57.46 38.31 0.747 
5000 24150 12150 8125 2942 1883.0 76.48 57.21 38.02 0.768 
6000 20000 11070 7550 2858 1844.6 76.10 57.00 37.80 0.797 
8000 16360 9790 6900 2807 1797.0 75.63 56.74 37.48 0.825 
10000 13680 8705 6350 2711 1752.0 75.25 56.53 37.24 0.848 
12000 12000 7900 6000 2660 1730.0 74.90 56.35 37.06 0.865 
15000 10000 7100 5400 - 1660.0 74.56 56.17 36.81 0.914 
20000 7600 5950 4700 2380 1585.0 74.07 55.89 36.52 0.904 
25000 6700 5300 4350 2260 1540.0 73.70 55.67 36.30 0.913 
30000 5600 4700 3950 2170 1480.0 73.32 55.48 36.11 0.921 
40000 4200 3700 3120 1950 1375.0 72.88 55.20 35.85 0.932 
50000 3600 3200 2900 1860 1320.0 71.05 54.98 35.64 0.933 
60000 2850 2700 2450 1700 1220.0 70.50 54.64 35.42 0.924 
75000 2500 2500 2500 2200 1110.0 69.50 54.40 35.10 0.863 
100000 2000 2000 2500 1600 1200.0 70.50 54.00 34.90 0.822 
120000 1500 1200 2000 1500 1000.0 69.00 53.50 34.20 0.739 
150000 1400 1200 1500 1500 1200.0 70.00 53.00 34.00 0.751 
200000 1000 1000 1200 1500 1200.0 67.00 52.50 34.00 0.574 
300000 500 600 - 1500 - 67.00 50.00 33.00 0.280 
Table D.9. Resistance response at a range of relative humidities. The applied ac voltage 
was 100 m Vac. Resistance readings are recorded in kilo ohms. 
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D. Humidity Chamber Results 
I v (Hz) 11% 29% 33% 143% I 51% 65% 75% 85% R2 
20 125000 15460 12500 3831 2310.0 159.38 137.20 78.97 0.494 
25 150000 15860 12770 3811 2296.0 148.41 128.06 74.05 0.477 
30 160000 15800 12750 3778 2278.0 140.40 121.20 70.28 0.470 
40 174000 15780 12630 3728 2254.0 129.30 111.58 64.93 0.462 
60 184000 15620 12600 3656 2222.0 116.40 100.28 58.58 0.457 
80 176000 15600 12530 3610 2201.5 108.91 93.50 54.88 0.460 
100 172000 15560 12450 3583 2188.0 104.03 88.88 52.42 0.462 
120 184000 15640 12510 3566 2179.0 100.58 85.47 50.66 0.457 
150 130000 15200 12180 3522 2165.0 96.90 81.70 48.84 0.487 
200 140000 15200 12220 3500 2147.0 93.03 77.43 46.87 0.479 
250 - 15780 11600 - 2123.2 90.54 74.53 45.59 0.815 
300 137000 15140 12120 3470 2132.4 88.86 72.52 44.68 0.481 
400 112000 14740 11810 3432 2116.0 86.62 69.69 43.42 0.501 
500 103000 14540 11680 3413 2107.8 85.17 67.93 42.60 0.510 
600 96000 14400 11590 3399 2100.2 84.17 66.73 42.00 0.519 
800 88000 14160 11430 3375 2088.0 82.82 65.18 41.18 0.530 
1000 71500 13560 11010 3331 2071.4 81.96 64.19 40.60 0.558 
1200 64400 13230 10770 3310 2058.8 81.36 63.56 40.20 0.573 
1500 57000 12810 10460 3273 2042.4 80.69 62.92 39.76 0.592 
2000 46200 12100 10000 3219 2016.4 79.95 62.26 39.24 0.627 
2500 45400 11890 9835 3195 2005.8 79.54 61.93 38.91 0.628 
3000 36900 11190 9365 3137 1978.2 79.13 66.15 38.66 0.667 
4000 30000 10360 8745 3060 1941.0 78.57 61.14 38.28 0.705 
5000 25200 9665 8245 2991 1908.6 78.17 60.86 38.01 0.737 
6000 21220 8940 7710 2912 1874.0 77.85 60.63 37.81 0.769 
8000 17000 8035 7010 2806 1821.4 77.39 60.33 37.49 0.807 
10000 13910 7655 6404 2702 1771.6 77.01 60.09 37.23 0.843 
12000 12200 7100 5950 2640 1750.0 76.69 59.88 37.01 0.862 
15000 10200 6400 5450 2530 1685.0 76.33 59.67 36.91 0.883 
20000 7800 5400 4750 2370 1605.0 75.84 59.35 36.63 0.910 
25000 6600 4800 4250 2260 1550.0 75.42 59.11 36.46 0.923 
30000 5500 4200 3750 2130 1480.0 75.08 58.86 36.31 0.933 
40000 4300 3400 3200 1940 1390.0 74.54 58.56 30.07 0.943 
50000 3500 3000 2800 1820 1310.0 74.00 58.30 35.87 0.939 
60000 2850 2500 2400 1660 1220.0 73.45 57.92 35.61 0.935 
75000 2500 2000 2000 2000 1200.0 72.50 57.40 35.30 0.906 
100000 2500 2200 2500 1600 1200.0 72.50 57.00 35.00 0.902 
120000 1500 1500 2000 1200 1200.0 72.00 56.50 34.40 0.777 
150000 1000 1400 1500 1000 1000.0 71.00 56.50 34.00 0.709 
200000 800 1000 1000 1000 800.0 68.00 55.50 33.80 0.705 
300000 500 - - - 600.0 67.00 55.00 33.00 0.602 
Table D.10. Resistance response at a range of relative humidities. The applied ac voltage 
was 200 m Vac. Resistance readings are recorded in kilo ohms. 
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D. Humidity Chamber Results 
v (Hz) 11 % 29% 33% I 43% I 51 % 65% 75% 85% Ri 
20 285000 19765 13378 4222 2342.3 137.71 135.40 72.45 0.438 
25 302000 19800 13408 4483 2320.0 130.30 128.59 68.47 0.435 
30 307000 19705 13322 4497 2300.9 124.53 123.31 65.30 0.433 
40 299000 19660 13206 4401 2273.0 116.49 115.95 60.99 0.435 
60 303000 19440 13048 4337 2239.3 107.55 107.57 56.05 0.433 
80 286000 19305 12950 4301 2216.8 101.85 101.72 53.05 0.436 
100 270000 19240 12894 4275 2201.4 98.50 97.65 51.20 0.439 
120 269000 19170 12830 4253 2190.8 96.00 94.56 49.87 0.439 
150 215000 18925 12622 4210 2175.0 93.19 90.91 48.34 0.454 
200 209500 18730 12586 4196 2161.5 90.15 86.49 46.71 0.455 
250 - 19065 12514 4205 2145.0 88.13 83.24 45.62 0.712 
300 183000 18460 12412 4161 2142.8 86.68 80.78 44.79 0.466 
400 149000 18000 12194 4127 2128.8 84.73 77.27 43.65 0.484 
500 133200 18385 12050 4100 2118.7 83.47 74.73 42.89 0.497 
600 121000 18100 11916 4077 2109.0 82.52 72.79 42.30 0.508 
800 103400 17540 11652 4039 2096.8 81.24 70.11 41.49 0.526 
1000 85200 16835 11324 3989 2081.4 80.35 68.33 40.93 0.551 
1200 74600 16280 11062 3951 2068.6 79.72 67.00 40.50 0.570 
1500 62800 15520 10692 3896 2050.2 79.01 65.58 40.06 0.597 
2000 49550 14440 10142 3815 2022.9 78.18 64.07 39.52 0.637 
2500 50100 14340 10090 3785 2014.2 77.61 63.11 39.16 0.633 
3000 39940 13294 9539 3694 1984.7 77.17 62.41 38.88 0.674 
4000 31380 12128 8873 3577 1945.5 76.53 61.50 38.49 0.719 
5000 25920 11150 8327 3474 1911.2 76.07 60.90 38.21 0.754 
6000 21880 10254 7813 3371 1877.4 75.70 60.45 37.98 0.784 
8000 17350 9059 7090 3221 1824.6 75.17 59.86 37.65 0.822 
10000 14090 8024 6436 3079 1772.7 74.74 59.45 37.41 0.852 
12000 12400 7420 6050 2973 1740.0 74.38 59.13 37.20 0.869 
15000 10220 6595 5490 2824 1685.5 73.95 58.78 36.96 0.892 
20000 7940 5550 4755 2608 1605.0 73.36 58.32 36.66 0.915 
25000 6460 4820 4205 2430 1539.0 71.88 57.95 36.43 0.929 
30000 5430 4240 3760 2272 1475.0 71.47 57.63 36.21 0.936 
40000 4190 3475 3166 2031 1377.5 70.94 57.24 35.90 0.941 
50000 3490 3020 2790 1856 1309.0 70.46 56.88 35.63 0.939 
60000 2815 2530 2380 1656 1219.0 69.88 56.46 35.42 0.933 
75000 2200 2020 1960 1390 1100.0 69.10 55.78 35.12 0.923 
100000 1760 1760 1700 1230 1040.0 68.36 55.26 34.76 0.895 
120000 1500 1600 1550 1160 1000.0 67.00 55.00 34.52 0.865 
150000 1140 1320 1300 960 920.0 67.30 54.45 34.22 0.816 
200000 890 1120 1160 830 900.0 66.95 54.20 33.86 0.740 
300000 580 820 900 570 820.0 66.50 53.80 33.30 0.608 
Table D.ll. Resistance response at a range of relative humidities. The applied ac voltage 
was 500 m Vac. Resistance readings are recorded in kilo ohms. 
183 
D. Humidity Chamber Results 
v (Hz) 11 % 29% 33% I 43% I 51% 65% 75% 85% R2 
20 468000 22080 13640 4484 2335.6 111.80 26.80 65.71 0.417 
25 432000 21905 13582 4440 2311.7 108.61 92.70 58.19 0.420 
30 418000 21780 13492 4410 2293.0 105.76 90.81 56.37 0.421 
40 434000 21585 13372 4364 2268.3 102.20 87.02 54.20 0.419 
60 388000 21320 13208 4312 2235.7 97.48 83.14 51.77 0.424 
80 358000 21125 13088 4277 2214.2 94.79 80.84 49.86 0.427 
100 344000 21005 13016 4252 2200.6 93.07 78.85 48.90 0.429 
120 322000 20935 12964 4240 2191.9 91.49 77.70 48.01 0.432 
150 301000 20610 12836 4214 2178.5 89.95 76.16 46.95 0.435 
200 248000 20430 12714 4190 2162.2 88.07 74.20 45.92 0.447 
250 - - 12646 4175 2151.4 86.78 72.99 45.14 0.687 
300 204000 2()()25 12536 4156 2143.8 85.83 72.03 44.46 0.461 
400 168500 19545 12330 4123 2129.6 84.53 70.65 43.58 0.476 
500 146500 19220 12160 4096 2117.8 83.64 69.75 42.95 0.490 
600 131600 18880 12012 4074 2108.5 82.97 69.06 45.45 0.500 
800 109000 18225 11738 4035 2094.2 82.04 68.06 41.77 0.522 
1000 90700 17525 11424 3989 2078.2 81.39 67.39 41.32 0.545 
1200 78400 16920 11176 3952 2064.7 80.89 66.88 40.96 0.566 
1500 65050 16110 10784 3897 2043.3 80.30 66.29 40.57 0.594 
2000 50550 14900 10202 3809 2015.7 79.62 65.62 40.10 0.636 
2500 51700 14855 10168 3792 2008.0 79.12 65.16 39.78 0.630 
3000 40880 13726 9611 3704 1980.5 78.73 64.79 39.54 0.673 
4000 31820 12400 8929 3587 1941.3 78.16 64.25 39.16 0.718 
5000 26180 11362 8362 3482 1907.5 77.71 63.88 38.89 0.754 
6000 22080 10454 7854 3840 1874.6 77.39 63.59 38.69 0.791 
8000 17470 9204 7119 3232 1823.0 76.90 63.14 38.36 0.822 
10000 14115 8128 6449 3084 1770.9 76.54 62.80 38.11 0.853 
12000 12400 7500 6055 2977 1737.5 76.23 62.54 37.92 0.870 
15000 10280 6660 5495 2829 1685.5 75.90 62.25 37.70 0.891 
20000 7920 5590 4745 2608 1604.5 75.41 61.83 37.38 0.915 
25000 6430 4830 4190 2426 1536.0 74.96 61.49 37.18 0.928 
30000 5380 4230 3740 2260 1472.0 74.57 61.19 36.98 0.936 
40000 4170 3470 3134 2021 1377.0 74.06 60.82 36.65 0.941 
50000 3450 2995 2755 1840 1303.0 73.58 60.46 36.39 0.939 
60000 2790 2510 2355 1642 1213.0 73.00 60.00 36.16 0.933 
75000 2160 1980 1900 1370 1090.0 72.15 59.28 35.87 0.925 
100000 1680 1720 1660 1200 1020.0 71.35 58.66 35.48 0.887 
120000 1400 1500 1500 1120 980.0 70.90 58.35 35.24 0.853 
150000 1120 1240 1260 930 900.0 70.20 57.75 34.90 0.823 
200000 830 1020 1060 770 830.0 69.40 57.20 34.48 0.748 
300000 550 760 820 540 760.0 68.90 56.80 33.85 0.620 
Table D.12. Resistance response at a range of relative humidities. The applied ac voltage 
was I Vac. Resistance readings are recorded in kilo ohms. 
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D. Humidity Chamber Results 
1 v (Hz) I 11% 29% 33% 43% 51% 65% I 75% I 85% RZ 
20 3xlO° 1xlO° 2x106 3x105 2x105 2831 2304 1442 0.755 
25 2x105 3x105 3x105 1x106 7x105 2224 1798 1141 0.050 
30 4x105 6x105 5x105 5x105 3x105 1816 1462 944.3 0.694 
40 4x105 3x1OS - 1x105 1x105 1339 1064 709.0 0.900 
60 3x1OS 3x105 3x105 1x1OS 7x1if 911 699.6 491.5 0.797 
80 85500 85000 76000 47800 43300 706 524.4 386.3 0.908 
100 48000 45000 41600 29500 27400 588 422.3 324.0 0.914 
120 28700 28200 26900 21900 19550 511 356.2 282.0 0.876 
150 41600 - 25000 24600 22500 441 293.9 239.0 0.918 
200 16300 16800 15700 13900 12550 362 230.1 196.2 0.841 
250 - - 11950 - 19600 319 194.2 169.0 0.564 
300 6940 7340 6740 6400 6080.0 281 168.6 148.3 0.803 
400 5340 5700 5340 5080 4840.0 240 140.0 123.1 0.789 
500 3380 3610 3340 3360 3210.0 211 122.0 106.2 0.770 
600 2230 2435 2315 2350 2270.0 188 109.8 94.0 0.741 
800 1250 1368 1298 1342 1308.0 158.3 93.80 77.39 0.731 
1000 920 1032 978 1034 1000.0 139.8 84.54 67.16 0.711 
1200 640 715 681 720 705.0 12304 76.88 59.15 0.707 
1500 409 457 434 465 458.0 104.6 68.14 50.43 0.701 
2000 231 258 246 265 261.4 8204 57.38 40.73 0.695 
2500 168 192 171 184 180.4 58.3 42.93 29.30 0.730 
3000 116 133 119 128 127.0 50.0 38.35 25.93 0.719 
4000 65.60 75.18 66.89 72.70 72.12 35.20 28.72 19.29 0.711 
5000 42.30 48.50 43.11 47.00 46.73 26.00 22.20 14.89 0.698 
6000 30.00 34.57 30.65 33.60 33.47 20.21 17.75 12.07 0.676 
8000 17.10 19.68 17.53 19.17 19.14 12.84 11.72 8.27 0.647 
10000 11.00 12.70 11.29 12.38 12.39 8.94 8.35 6.02 0.608 
12000 7.70 8.90 7.90 8.66 8.68 6.43 6.10 4.59 0.588 
15000 5.00 5.78 5.14 5.62 5.66 4.37 4.19 0.32 0.492 
20000 2.83 3.28 2.91 3.21 3.22 2.58 2.52 2.05 00487 
25000 1.83 2.12 1.88 2.08 2.09 1.72 1.68 1041 0.433 
30000 1.28 1.49 1.32 1.46 1.47 1.23 1.20 1.03 0.391 
40000 0.71 0.84 0.74 0.82 0.83 0.71 0.69 0.61 0.315 
50000 0.46 0.54 0048 0.53 0.54 0.46 0.45 0.41 0.263 
60000 0.32 0.38 0.33 0.37 0.37 0.33 0.32 0.29 0.207 
75000 0.21 0.25 2.25 0.25 0.25 0.22 0.21 0.20 0.073 
100000 0.11 0.14 0.12 0.13 0.14 0.12 0.12 0.11 0.106 
120000 0.08 0.10 0.09 0.09 0.10 0.08 0.08 0.08 0.088 
150000 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.05 0.003 
200000 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.023 
300000 0.01 0.01 om 0.01 0.02 0.01 0.01 0.01 0.003 
Table 0.13. Inductance response at a range of relative huntidities. The applied ac voltage 
was 20 m Vac. Inductance readings are recorded in kilo henrys. 
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D. Humidity Chamber Results 
v (Hz) 11% 29% 33% 43% 51% 65% I 75% I 85% I R2 
20 3xl00 2xHJli lxH)l' 3xW 2xfO' 2813 2280 1452 
25 5xl06 2x106 3xl06 3xlOS 2x105 2188 1775 1137 
30 2x106 Ix106 9xlOS 3xlOS lx105 1786 1443 934.9 
40 5xlOS 5x105 4xl05 2xlOS lx105 1318 1055 695.2 
60 3x105 2xlOS 2xl05 I xl OS 7xHf 891 693.6 472.8 
80 124000 136000 110000 92400 51600 689 521.5 368.3 
100 74500 87000 71000 62400 38900 572 421.0 307.2 
120 51000 61000 48200 45100 30100 496 355.3 266.9 
150 41400 - 37400 34700 23550 421 291.2 226.6 
200 21350 24700 21500 27800 16150 345 228.5 185.0 
250 - 16900 13480 11260 12400 299 191.7 159.7 
300 9500 11100 9740 9090 8430.0 267 167.7 139.1 
400 5770 6615 6050 5900 5520.0 226 13S.4 115.1 
500 3700 4260 3890 3900 3710.0 199 120.8 99.4 
600 2576 2970 2712 2776 2664.0 179 10S.9 8S.3 
SOO 1459 1689 1543 1605 1561.0 151.5 93.37 72.01 
1000 967 1109 1032 1085 1064.0 132.9 83.53 63.13 
1200 676 776 721 764 754.5 118.2 76.14 55.89 
1500 433 501 465 498 492.0 101.5 67.72 47.93 
2000 246 285 265 285 283.3 81.5 57.47 39.01 
2500 161 185 173 186 183.8 57.3 42.45 29.36 
3000 112 130 120 131 130.0 49.7 3S.14 24.96 
4000 63.48 73.68 68.73 74.68 74.41 35.48 28.77 18.66 
5000 40.88 47.56 44.36 48.34 48.26 26.51 22.29 14.56 
6000 28.62 33.31 31.12 34.02 34.03 20.55 17.74 11.74 
8000 16.25 18.93 17.69 19.38 19.43 13.18 11.72 8.07 
10000 10.45 12.21 11.41 12.53 12.58 9.22 8.36 5.93 
12000 7.30 8.54 7.97 8.76 8.80 6.64 6.10 4.53 
15000 4.71 5.51 5.15 5.67 5.71 4.49 4.15 3.20 
20000 2.67 3.12 2.92 3.22 3.24 2.68 2.50 2.02 
25000 1.72 2.02 1.88 2.08 2.10 1.78 1.66 1.39 
30000 1.20 1.41 1.32 1.45 1.47 1.27 1.19 1.01 
40000 0.68 0.80 0.75 0.82 0.83 0.74 0.69 0.61 
50000 0.44 0.52 0.48 0.53 0.54 0.48 0.45 0.40 
60000 0.31 0.36 0.34 0.37 0.38 0.34 0.32 0.29 
75000 0.20 0.23 0.22 0.24 0.24 0.22 0.21 0.19 
100000 0.11 0.13 0.12 0.14 0.14 0.13 0.12 0.11 
120000 0.78 0.09 0.85 0.09 0.10 0.09 0.08 0.08 
150000 0.05 0.06 0.06 0.06 0.06 0.06 0.05 0.05 
200000 0.03 0.03 0.03 0.34 0.03 0.03 0.03 0.03 
300000 0.01 0.01 O.oI 0.02 0.02 0.01 O.oI 0.01 
Table D.14. Inductance response at a range of relative humidities. The applied ac Voltage 
was lOOm Vac. Inductance readings are recorded in kilo henrys. 
186 
0.776 
0.725 
0.785 
0.898 
0.911 
0.882 
0.857 
0.843 
0.869 
0.723 
0.884 
0.7S9 
0.761 
0.744 
0.732 
0.720 
0.707 
0.703 
0.694 
0.688 
0.690 
0.679 
0.662 
0.640 
0.614 
0.566 
0.512 
0.481 
0.425 
0.346 
0.281 
0.230 
0.160 
0.120 
0.080 
0.046 
0.014 
0.439 
0.002 
0.009 
0.003 
D. Humidity Chamber Results 
I v(Hz) I 11% 29% 33% 43% 51% 65% 75% 85% R2 
20 2x106 1x10o 1x1O° 3x105 2x1OS 2794 2793 1461 
25 3x106 lxl06 lx106 3xlOS 2x1OS 2186 2186 1143 
30 1x106 8xlO5 7x105 2x105 1xlO5 1799 1799 938.7 
40 5x1OS 4x1OS 4x1OS 1x1Os 1x1OS 1343 1342 697.6 
60 2x10s 2x10s 2x105 9x104 7x104 918 918.2 473.4 
80 133000 124000 118000 65900 53600 717 716.8 367.7 
100 83500 81500 77000 48600 41100 599 599.5 306.0 
120 56800 56400 54200 37900 32500 523 522.5 265.7 
150 36600 39200 39400 28900 25900 446 446.2 224.9 
200 22400 22900 22600 19000 16900 369 369.1 183.3 
250 - 14500 14900 - 11880 321 320.9 157.4 
300 10000 10400 10320 9650 8870.0 288 288.2 139.0 
400 5885 6155 6130 6010 5640.0 244 244.1 114.9 
500 3770 3970 3955 4000 3795.0 215 214.9 99.3 
600 2628 2770 2766 2846 2726.0 193 193.3 88.0 
800 1490 1575 1574 1649 1603.0 162.3 162.29 72.89 
1000 974 1034 1035 1096 1074.0 141.4 141.42 62.98 
1200 679 724 725 773 762.0 125.3 125.25 55.72 
1500 437 467 468 503 497.6 106.7 106.68 47.81 
2000 248 266 266 288 286.6 84.7 84.70 38.95 
2500 160 173 173 187 184.5 58.8 58.78 29.27 
3000 112 121 121 131 130.5 50.6 50.62 24.90 
4000 63.70 68.64 68.77 74.99 74.77 35.75 35.75 18.62 
5000 4l.04 44.29 44.43 48.56 48.52 26.49 26.49 14.56 
6000 28.69 31.02 3l.09 34.09 34.12 20.40 20.40 11.72 
8000 16.28 17.63 17.68 19.43 19.49 12.96 12.96 8.08 
10000 10.47 11.38 11.40 12.55 12.61 9.01 9.01 5.92 
12000 7.31 7.96 7.98 8.78 8.83 6.48 6.48 4.53 
15000 4.71 5.13 5.14 5.67 5.71 4.37 4.37 3.20 
20000 2.67 2.91 2.92 3.22 3.25 2.59 2.59 2.02 
25000 1.72 1.88 1.88 2.08 2.10 1.72 1.72 1.39 
30000 1.20 1.31 1.31 1.45 1.47 1.22 1.22 1.01 
40000 0.68 0.75 0.75 0.83 0.83 0.71 0.71 0.61 
50000 0.44 0.48 0.48 0.53 0.54 0.46 0046 0040 
60000 0.31 0.34 0.34 0.37 0.38 0.33 0.33 0.29 
75000 0.20 0.22 0.22 0.24 0.24 0.22 0.22 0.19 
100000 0.11 0.12 0.12 0.13 0.14 0.12 0.12 0.11 
120000 0.08 0.09 0.09 0.09 0.10 0.08 0.08 0.08 
150000 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.05 
200000 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 
300000 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 
Table D.1S. Inductance response at a range of relative humidities. The applied ac voltage 
was 200 mV ac. Impedance readings are recorded in kilo henrys. 
187 
0.786 
0.747 
0.841 
0.888 
0.905 
0.914 
0.908 
0.896 
0.846 
0.842 
0.883 
0.789 
0.759 
0.739 
0.726 
0.711 
0.700 
0.691 
0.684 
0.674 
0.671 
0.659 
0.632 
0.603 
0.572 
0.517 
0.460 
0.428 
0.371 
0.293 
0.226 
0.179 
0.110 
0.068 
0.038 
0.005 
0.000 
0.002 
0.017 
0.022 
0.044 
------------------------------------------------~ 
D. Humidity Chamber Results 
v (Hz) 11% 29% I 33% 43% 51 % 65% I 75% 85% RZ 
20 2xl06 lx106 lxl00 4xlO' 2xlO' 2659 2749 1392 
25 2x106 lxl06 9xl<P 3xl<P 2xl<P 2125 2183 1107 
30 lx106 7xlIY 6xl05 3x105 lx105 1778 1810 924.7 
40 5x105 4x105 4xl<P 2xl<P lxl<P 1357 1348 703.4 
60 2x105 2xl<P 2x105 lx105 7xl04 958 893.6 491.6 
80 137000 131400 122600 88400 54240 756 662.3 386.1 
100 87800 87100 82400 64660 42160 634 525.9 323.0 
120 61000 61220 58500 49060 33710 556 435.9 280.9 
150 39980 41420 39900 35880 26010 470 347.3 236.9 
200 22930 23700 23220 21935 17120 387 259.6 191.5 
250 - 15355 14955 15095 12486 334 208.2 163.2 
300 10310 10778 10660 10670 9071.0 296 174.5 142.8 
400 5921 6233 6183 6351 5659.0 246 133.3 116.2 
500 3813 4027 4002 4166 3822.1 213 109.2 99.3 
600 2661 2815 2802 2938 2753.4 189 93.2 87.2 
800 1509 1601 1597 1690 1621.4 155.2 73.47 70.97 
1000 977 1041 1038 1105 1074.9 131.8 61.59 60.46 
1200 682 728 727 776 762.4 114.5 53.55 52.74 
1500 440 471 470 504 498.8 95.0 45.27 44.46 
2000 249 268 268 288 287.7 73.2 36.51 35.28 
2500 161 173 173 185 184.4 57.2 30.30 28.52 
3000 112 121 121 130 130.6 47.1 26.19 24.30 
4000 63.81 68.90 68.90 74.44 74.89 33.22 20.27 18.23 
5000 41.10 44.47 44.48 48.04 48.61 24.69 16.23 14.26 
6000 28.70 31.10 31.12 33.67 34.15 19.05 13.29 11.51 
8000 16.28 17.67 17.69 19.18 19.51 12.30 9.33 7.97 
10000 10.48 11.39 11.41 12.39 12.62 8.58 6.88 5.86 
12000 7.31 7.95 7.97 8.66 8.83 6.33 5.26 4.48 
15000 4.71 5.13 5.14 5.59 5.71 4.29 3.70 3.19 
20000 2.67 2.91 2.92 3.18 3.25 2.58 2.30 2.00 
25000 1.72 1.88 1.88 2.05 2.10 1.71 1.56 1.37 
30000 1.20 1.31 1.31 1.43 1.47 1.22 1.13 1.00 
40000 0.68 0.74 0.75 0.81 0.84 0.72 0.66 0.60 
50000 0.44 0.48 0.48 0.53 0.54 0.47 0.44 0.40 
60000 0.31 0.34 0.34 0.37 0.38 0.33 0.31 0.29 
75000 0.20 0.22 0.22 0.24 0.24 0.22 0.20 0.19 
100000 0.11 0.12 0.12 0.13 0.14 0.12 0.12 0.11 
120000 0.08 0.09 0.09 0.09 0.10 0.09 0.08 0.08 
150000 0.05 0.05 0.05 0.06 0.06 0.06 0.05 0.05 
200000 0.03 0.03 0.03 0.Q3 0.03 0.Q3 0.03 0.03 
300000 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 
Table D.16. Inductance response at a range of relative humidities. The applied ac voltage 
was 500 m Vac. Inductance readings are recorded in kilo henrys. 
188 
0.830 
0.854 
0.883 
0.909 
0.917 
0.912 
0.897 
0.882 
0.851 
0.823 
0.870 
0.777 
0.750 
0.733 
0.722 
0.709 
0.700 
0.694 
0.688 
0.679 
0.684 
0.673 
0.658 
0.642 
0.624 
0.587 
0.549 
0.512 
0.459 
0.376 
0.306 
0.248 
0.166 
0.113 
0.070 
0.037 
0.009 
0.003 
0.000 
0.006 
0.018 
r-------------------------------------------------~-----
D. Humidity Chamber Results 
I v(Hz) 11% 29% 33% 43% 51%! 65% ! 75% ! 85% I R2 
20 2xl0o lxlO° lxl0b 4xlO' 2xlO' 3180 2362 1486 
25 1x106 1x106 8x105 3x105 2x105 2535 1908 1204 
30 9x1OS 7x105 6xl05 3x1OS 1x1OS 2124 1615 996.5 
40 5x1OS 4xlOs 4x105 2x1OS 1x1OS 1665 1257 764.8 
60 2xlOs 2x10s 2x1tV lx1tV 7x104 1170 894.6 538.3 
80 138300 134000 124200 89900 54940 935 720.1 420.2 
100 89450 88850 83550 65840 42840 810 607.5 352.2 
120 62320 62880 59900 49980 34350 705 526.7 306.7 
150 40520 42000 40200 35620 26080 603 451.7 254.7 
200 23130 23980 23420 22000 17290 504 366.9 207.3 
250 - - 15465 14620 12130 436 313.6 177.7 
300 10414 10902 10772 10710 9179.0 387 277.5 154.8 
400 5940 6258 6206 6318 5693.0 323 226.8 126.2 
500 3824 4042 4016 4142 3848.0 278 193.6 108.2 
600 2670 2828 2813 2922 2772.0 244 170.4 94.9 
800 1514 1609 1603 1680 1633.2 198.1 137.69 77.22 
1000 979 1042 1040 1095 1080.3 165.9 116.14 65.69 
1200 683 730 728 770 766.1 141.9 100.50 57.14 
1500 440 472 471 500 501.3 115.9 83.20 47.97 
2000 250 268 268 286 289.2 87.0 64.02 37.88 
2500 161 173 173 184 185.1 66.5 50.34 30.44 
3000 113 121 121 129 131.0 53.9 41.27 25.75 
4000 63.84 68.95 68.95 73.79 75.15 37.15 29.40 19.18 
5000 41.17 44.50 44.51 47.75 48.77 27.18 22.07 14.97 
6000 28.71 31.11 31.13 33.39 34.24 20.76 17.16 12.02 
8000 16.28 17.68 17.70 19.03 19.55 13.20 11.20 8.30 
10000 10.48 11.40 11.41 12.29 12.65 9.12 7.87 6.08 
12000 7.31 7.96 7.97 8.59 8.84 6.68 5.82 4.64 
15000 4.71 5.13 5.14 5.54 5.71 4.49 3.96 3.29 
20000 2.67 2.91 2.92 3.15 3.25 2.67 2.39 2.06 
25000 1.72 1.88 1.88 2.03 2.10 1.77 1.59 1.42 
30000 1.98 1.31 1.31 1.42 1.47 1.26 1.14 1.03 
40000 0.68 0.74 0.75 0.81 0.84 0.73 0.66 0.62 
50000 0.44 0.48 0.48 0.52 0.54 0.48 0.43 0.41 
60000 0.31 0.33 0.34 0.36 0.38 0.36 0.31 0.29 
75000 0.20 0.22 0.22 0.23 0.24 0.22 0.22 0.19 
100000 0.11 0.12 0.12 0.13 0.14 0.12 0.11 0.11 
120000 0.08 0.09 0.09 0.09 0.10 0.09 0.08 0.08 
150000 0.05 0.05 0.05 0.06 0.06 0.06 0.05 0.05 
200000 0.03 0.03 0.03 0.D3 0.04 0.03 0.03 0.03 
300000 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 
Table D.l7. Inductance response at a range of relative humidities. The applied ac voltage 
was 1 Vac. Inductance readings are recorded in kilo henrys. 
189 
0.836 
0.872 
0.887 
0.905 
0.916 
0.910 
0.898 
0.882 
0.856 
0.825 
0.876 
0.780 
0.753 
0.737 
0.726 
0.713 
0.705 
0.699 
0.693 
0.683 
0.687 
0.674 
0.653 
0.631 
0.607 
0.560 
0.514 
0.473 
0.417 
0.333 
0.264 
0.678 
0.134 
0.088 
0.025 
0.000 
0.005 
0.000 
0.001 
0.010 
0.025 
D. Humidity Chamber Results 
I v (Hz) 11% 29% 33% I 43% I 51% 65% 75% 85% W 
20 8.0 48.0 50.0 207.0 325.0 22376 27480 43936 0.777 
25 -178.0 -130.0 -152.0 25.0 52.0 18210 22532 35478 0.779 
30 -66.0 -46.0 -55.0 59.0 117.0 15490 19250 29800 0.780 
40 38.0 48.0 - 121.0 155.0 11823 14875 22332 0.767 
60 22.0 28.0 35.0 74.0 83.0 7726 10065 14310 0.786 
80 48.5 48.5 54.5 80.5 96.0 5602 7545 10245 0.788 
100 59.2 55.4 60.2 77.6 97.2 4306 5993 7823 0.789 
120 62.2 62.4 65.4 80.2 89.4 3446 4939 6242 0.789 
150 48.4 - 32.6 41.8 65.4 2566 3835 4664 0.769 
200 38.5 36.9 39.8 45.6 50.9 1750 2752 3228 0.786 
250 - - 41.5 - 71.2 1308 2083 2437 0.903 
300 39.9 39.2 41.1 43.3 46.9 1003 1669 1898 0.782 
400 29.7 27.7 30.0 30.9 32.4 659 1132 1286 0.780 
500 30.0 27.8 30.4 30.4 31.7 480.8 830.8 954.4 0.778 
600 30.2 29.0 30.8 29.9 31.1 371.9 641.2 748.4 0.777 
800 31.8 29.1 30.3 29.3 30.3 250.1 421.5 511.4 0.774 
1000 27.5 24.8 26.1 24.5 25.4 181.1 299.6 377.2 0.771 
1200 27.4 24.8 26.0 24.5 24.9 142.5 228.7 297.2 0.767 
1500 27.5 24.6 25.9 24.3 24.6 107.7 165.2 223.1 0.760 
2000 27.4 24.6 25.8 23.9 24.2 77.0 110.2 155.6 0.746 
2500 24.4 21.1 23.8 22.1 22.4 69.5 94.4 138.2 0.749 
3000 24.2 21.1 23.7 22.0 22.2 56.3 73.4 108.4 0.739 
4000 24.1 21.1 23.7 21.8 21.9 45.0 55.1 82.3 0.718 
5000 24.0 20.9 23.5 21.6 21.7 39.0 45.7 67.9 0.699 
6000 23.4 20.4 22.9 21.0 21.0 34.8 39.7 58.4 0.680 
8000 23.2 20.1 22.6 20.6 20.7 30.8 33.8 47.9 0.652 
10000 23.0 20.0 22.5 20.5 20.5 28.4 30.3 41.9 0.620 
12000 22.9 19.8 22.3 20.3 20.3 27.4 28.9 38.2 0.609 
15000 22.6 19.5 22.0 20.0 20.0 25.8 27.0 34.6 0.578 
20000 22.4 19.3 21.8 19.8 19.6 24.4 25.2 31.1 0.522 
25000 22.2 19.1 21.6 19.6 19.4 23.6 24.2 28.8 0.477 
30000 22.0 18.9 21.4 19.3 19.2 22.9 23.5 27.4 0.436 
40000 22.1 19.0 21.4 19.4 19.2 22.5 23.0 26.0 0.364 
50000 22.0 18.7 21.1 19.1 18.9 22.0 22.5 24.9 0.301 
60000 22.0 18.7 21.1 19.1 18.9 21.6 22.1 24.1 0.237 
75000 21.4 18.2 20.2 18.2 18.0 20.6 21.4 23.0 0.191 
100000 22.2 18.0 20.8 18.8 18.6 20.8 21.4 22.8 0.101 
120000 22.0 18.5 21.0 19.0 18.5 20.5 21.5 22.5 0.079 
150000 21.8 18.8 20.0 18.8 17.8 20.2 20.6 21.6 0.020 
200000 22.6 18.2 20.2 18.6 18.6 20.2 21.2 21.4 0.008 
300000 23.0 19.2 20.8 17.6 19.0 20.2 21.0 21.6 0.002 
Table D.tS. Capacitance response at a range of relative humidities. The applied ac voltage 
was 20 mV ac. Capacitauce readiugs are recorded in pico farads. 
190 
D. Humidity Chamber Results 
v(Hz) 111% 129% 133% 1 43% 1 51% 65% 75% 85% Rl 
20 25.5 41.0 63.0 226.5 334.0 22490 27764 43592 0.779 
25 -3.5 22.5 13.5 143.5 227.0 18540 22894 35639 0.780 
30 14.5 27.5 30.0 141.0 191.5 15730 19505 30098 0.780 
40 33.5 34.5 46.0 130.0 152.5 12004 14998 22771 0.782 
60 27.4 29.2 30.4 116.5 96.8 7905 10137 14878 0.784 
80 32.2 29.2 35.2 77.2 76.8 5742 7588 10751 0.786 
100 34.2 29.5 36.1 63.2 65.4 4427 6017 8245 0.787 
120 34.5 29.1 36.4 56.1 58.5 3552 4951 6592 0.788 
150 28.1 - 28.8 51.1 45.5 2672 3863 4964 0.770 
200 29.7 25.6 29.5 41.9 39.1 1833 2771 3422 0.787 
250 - 27.3 30.0 28.8 39.3 1356 2116 2556 0.890 
300 29.8 25.4 29.0 31.0 33.6 1052 1678 2023 0.784 
400 27.6 23.9 26.2 27.1 28.8 699 1144 1375 0.782 
500 27.4 23.8 26.1 26.0 27.3 508.8 840.0 1019.2 0.780 
600 27.3 23.9 26.0 25.4 26.4 392.1 646.3 796.6 0.778 
800 27.1 23.4 25.6 24.7 25.3 261.2 423.8 542.1 0.775 
1000 26.2 22.8 24.6 23.3 23.8 190.7 303.3 401.7 0.777 
1200 26.0 22.7 24.4 23.0 23.3 148.8 231.1 314.9 0.766 
1500 25.9 22.5 24.2 22.6 22.9 110.9 166.2 234.9 0.758 
2000 25.7 22.2 23.9 22.2 22.4 77.7 110.2 162.4 0.742 
2500 25.2 21.9 23.4 21.8 22.0 70.8 95.5 138.1 0.745 
3000 25.1 21.7 23.3 21.5 21.7 56.7 73.8 112.9 0.721 
4000 24.9 21.5 23.1 21.2 21.3 44.6 55.1 84.9 0.693 
5000 24.8 21.3 22.8 21.0 21.0 38.2 45.5 69.6 0.666 
6000 24.6 21.1 22.6 20.7 20.7 34.2 39.7 60.0 0.639 
8000 2404 20.9 22.4 20.4 20.4 30.1 33.8 48.9 0.596 
10000 24.2 20.7 22.2 20.2 20.1 27.5 30.3 42.8 0.547 
12000 21.1 20.6 22.1 20.1 20.0 26.5 28.9 38.8 0.652 
15000 23.9 2004 21.9 19.9 19.8 25.1 27.1 35.1 0.478 
20000 23.8 20.3 21.7 19.7 19.5 23.6 25.4 31.5 0.396 
25000 23.6 20.1 21.5 19.5 19.3 22.8 24.4 29.3 0.327 
30000 23.5 20.0 21.4 19.4 19.2 22.2 23.7 27.8 0.270 
40000 23.3 19.8 21.2 19.2 19.0 21.5 23.0 26.1 0.190 
50000 23.1 19.6 21.0 19.0 18.8 21.2 22.5 25.1 0.140 
60000 23.1 19.6 20.9 18.9 18.7 20.9 22.2 24.3 0.090 
75000 22.8 19.3 20.8 19.1 18.5 20.5 21.8 23.7 0.069 
100000 22.8 19.4 20.7 18.9 18.5 20.3 21.5 22.9 0.025 
120000 22.8 19.0 20.6 18.6 18.4 20.2 21.2 23.0 0.027 
150000 22.6 19.3 20.6 18.8 18.3 19.8 20.9 21.8 0.000 
200000 22.7 19.2 20.5 18.5 18.2 19.6 20.7 21.9 0.001 
300000 22.6 19.2 20.6 18.4 18.3 19.7 20.7 21.4 0.007 
Table D.19. Capacitance response at a range of relative humidities. The applied ac voltage 
was 100 mV ac. Capacitance readings are recorded in pico farads. 
191 
D. Humidity Chamber Results 
v (Hz) 111% 129% 133% 1 43% 1 51% 1 65% 75% 85% RZ 
20 27.5 55.0 64.0 222.0 344.0 22650 26755 43335 0.776 
25 13.0 36.0 35.5 159.0 240.5 18540 22019 35456 0.777 
30 21.5 35.5 40.0 140.5 201.0 15640 18683 29962 0.777 
40 31.5 39.5 42.5 113.5 150.5 11790 14267 22691 0.777 
60 29.8 32.4 35.6 74.8 96.6 7665 9562 14871 0.778 
80 30.4 32.2 33.8 59.8 74.0 5521 7101 10761 0.780 
100 30.8 32.1 32.9 51.4 61.7 4225 5599 8271 0.781 
120 30.7 31.1 32.8 46.4 54.2 3367 4586 6628 0.782 
150 28.9 28.2 28.1 36.8 43.6 2521 3560 5001 0.783 
200 28.3 27.6 28.1 33.5 37.4 1715 2537 3453 0.783 
250 - 26.2 27.8 - 34.1 1261 1927 2580 0.888 
300 28.3 27.1 27.3 29.2 31.8 977 1525 2023 0.781 
400 27.0 25.8 25.8 26.3 28.1 648 1040 1377 0.778 
500 26.9 25.6 25.6 25.3 26.7 471.8 762.1 1021.1 0.775 
600 26.9 25.4 25.4 24.8 25.8 363.0 586.7 799.0 0.772 
800 26.6 25.1 25.1 24.0 24.7 243.9 384.8 542.6 0.767 
1000 26.0 24.5 24.5 23.1 23.6 179.1 276.1 402.3 0.761 
1200 25.9 24.3 24.3 22.8 23.1 140.4 210.4 315.7 0.754 
1500 25.7 24.1 24.1 22.4 22.7 105.5 151.6 235.4 0.743 
2000 25.5 23.8 23.8 22.0 22.1 74.8 100.7 162.6 0.724 
2500 25.2 23.5 23.4 21.8 22.0 69.0 88.2 138.4 0.729 
3000 25.1 23.3 23.3 21.4 21.6 55.6 68.5 113.2 0.700 
4000 24.9 23.1 23.0 21.1 21.2 44.3 51.5 85.1 0.670 
5000 24.7 22.9 22.8 20.9 20.9 38.2 42.8 69.6 0.641 
6000 24.5 22.7 . 22.6 20.6 20.6 34.5 37.6 60.1 0.614 
8000 24.3 22.4 22.4 20.4 20.3 30.5 32.3 49.0 0.570 
10000 24.2 22.3 22.2 20.2 20.1 28.1 29.2 42.8 0.520 
12000 24.0 22.1 22.1 20.0 19.9 27.1 28.0 38.8 0.501 
15000 23.9 22.0 21.9 19.9 19.7 25.8 26.4 35.1 0.449 
20000 23.7 21.8 21.7 19.7 19.5 24.3 24.8 31.5 0.367 
25000 23.6 21.6 21.6 19.5 19.3 23.6 23.9 29.2 0.295 
30000 23.5 21.5 21.4 19.4 19.2 23.0 23.3 27.8 0.234 
40000 23.3 21.3 21.2 19.2 19.0 22.3 22.6 26.1 0.155 
50000 23.1 21.1 21.0 19.0 18.8 21.9 22.1 25.0 0.099 
60000 23.0 21.0 21.0 18.9 18.7 21.5 21.7 24.2 0.055 
75000 22.9 20.5 20.7 18.8 18.5 21.0 21.5 23.5 0.031 
100000 22.9 20.9 20.8 18.7 18.5 20.8 21.0 22.9 0.001 
120000 22.8 20.6 20.6 18.6 18.4 20.6 20.8 22.2 0.002 
150000 22.7 20.7 20.5 19.1 18.3 20.3 20.9 21.7 0.019 
200000 22.6 20.5 20.4 18.4 18.1 20.3 20.5 21.5 0.021 
300000 22.7 21.0 20.5 18.4 18.3 20.0 20.5 21.4 0.056 
Table D.20. Capacitance response at a range of relative humidities. The applied ac voltage 
was 200 m Vac. Impedance readings are recorded in pieo farads. 
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D. Humidity Chamber Results 
I v (Hz) 111% I 29% I 33% I 43% 1 51% 65% 75% 85% R2 
20 29.5 50.1 64.9 156.8 341.9 23833 23030 45481 0.750 
25 25.1 38.9 47.5 118.6 252.9 19100 18563 26570 0.779 
30 28.0 38.6 45.2 101.0 205.2 15811 15549 30440 0.751 
40 30.6 37.4 42.1 79.0 150.1 11661 11738 22504 0.753 
60 28.8 31.6 34.4 54.7 96.3 7372 7899 14343 0.761 
80 28.9 30.1 32.3 44.8 72.9 5229 5975 10238 0.767 
100 28.7 29.3 30.9 39.3 60.0 3988 4817 7837 0.773 
120 28.8 28.7 30.1 35.9 52.2 3181 4036 6273 0.777 
150 28.1 27.1 28.4 31.7 44.1 2388 3242 4745 0.781 
200 27.6 26.7 27.3 28.9 37.0 1636 2439 3305 0.783 
250 - 26.6 26.1 27.1 33.6 1217 1947 2488 0.888 
300 27.3 26.1 26.4 26.3 31.0 949 1612 1968 0.779 
400 26.7 25.4 25.6 24.9 28.0 641 1187 1361 0.773 
500 26.6 25.2 25.3 24.3 26.5 474.4 928.5 1021.4 0.767 
600 26.4 25.0 25.1 23.9 25.6 372.7 754.3 806.3 0.762 
800 26.2 24.7 24.8 23.4 24.4 254.7 538.6 557.2 0.754 
1000 25.9 24.3 24.4 22.9 23.6 192.0 411.6 419.5 0.749 
1200 25.8 24.2 24.2 22.6 23.1 153.8 328.3 333.4 0.746 
1500 25.6 23.9 24.0 22.3 22.6 118.4 248.5 253.2 0.743 
2000 25.4 23.6 23.7 22.0 22.0 86.6 173.6 179.6 0.739 
2500 25.1 23.4 23.4 21.9 22.0 70.8 133.7 142.0 0.739 
3000 25.0 23.2 23.2 21.6 21.6 59.8 107.5 115.8 0.734 
4000 24.8 23.0 23.0 21.3 21.1 47.6 78.1 86.9 0.725 
5000 24.7 22.8 22.8 21.1 20.8 41.0 62.4 71.1 0.713 
6000 24.5 22.6 22.6 20.9 20.6 36.9 53.0 61.1 0.699 
8000 24.3 22.4 22.4 20.6 20.3 32.2 42.4 49.7 0.666 
10000 24.2 22.2 22.2 20.4 20.1 29.5 36.8 43.3 0.630 
12000 24.1 22.1 22.1 20.3 19.9 27.8 33.4 23.2 0.209 
15000 23.9 22.0 21.9 20.1 19.7 26.2 30.4 35.4 0.542 
20000 23.7 21.8 21.7 19.9 19.5 24.6 27.6 31.6 0.454 
25000 23.6 21.6 21.6 19.8 19.3 23.7 26.0 29.5 0.378 
30000 23.5 21.5 21.5 19.7 19.2 23.0 25.0 28.0 0.310 
40000 23.3 21.3 21.2 19.4 19.0 22.1 23.8 26.3 0.210 
50000 23.1 21.1 21.1 19.3 18.8 21.6 23.2 25.2 0.143 
60000 23.0 21.0 21.0 19.2 18.7 21.2 22.6 24.5 0.088 
75000 22.9 20.9 20.8 19.1 18.6 20.8 22.2 23.7 0.045 
100000 22.8 20.8 20.7 19.0 18.4 20.5 21.7 23.0 0.011 
120000 22.7 20.6 20.6 18.9 18.3 20.2 21.5 22.6 0.003 
150000 22.6 20.6 20.5 18.8 18.2 19.9 21.1 22.1 0.001 
200000 22.4 20.4 20.4 18.6 18.1 19.7 20.9 21.7 0.010 
300000 22.3 20.2 20.2 18.4 18.0 19.4 20.5 21.2 0.028 
Table D.21. Capacitance response at a range of relative humidities. The applied ac voltage 
was 500 ID Vac. Capacitance readings are recorded in pica farads. 
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----------------------------------------------------------
D. Humidity Chamber Results 
1 v (Hz) 111% 129% 133% 1 43% 1 51% 65% 75% 85% R2 
20 30.1 48.7 64.6 156.2 341.0 19935 26826 42540 0.774 
25 28.8 41.2 51.3 120.7 256.6 15898 21218 34071 0.772 
30 30.0 39.0 47.1 100.9 206.6 13228 17414 28222 0.771 
40 30.6 36.0 41.6 77.5 169.1 9663 1250 20686 0.500 
60 28.9 31.2 34.6 53.9 95.8 5892 7822 13138 0.764 
80 28.6 29.5 31.8 44.1 72.0 4211 5508 9356 0.763 
100 28.3 28.4 30.2 38.5 59.1 3164 4132 7164 0.759 
120 28.2 28.0 29.4 35.2 51.2 2479 3325 5774 0.757 
150 27.5 26.8 28.1 31.7 43.1 1857 2515 4404 0.754 
200 27.4 26.4 27.1 28.8 36.6 1262 1719 3054 0.750 
250 - - 26.8 27.5 33.4 925 1289 2297 0.882 
300 27.0 25.8 26.1 26.3 30.6 726 1018 1814 0.746 
400 26.7 25.3 25.5 25.1 27.8 492 695 1254 0.740 
500 26.5 25.1 25.2 24.5 26.3 364.3 522.5 939.7 0.738 
600 26.4 24.9 25.0 24.1 25.4 287.8 413.9 740.1 0.736 
800 26.1 24.6 24.7 23.6 24.2 200.2 286.2 512.5 0.731 
1000 25.9 24.3 24.4 23.1 23.4 152.6 217.9 386.8 0.728 
1200 25.7 24.1 24.2 22.9 23.0 123.8 175.3 307.6 0.725 
1500 25.6 23.9 23.9 22.5 22.5 97.1 135.2 234.4 0.720 
2000 25.3 23.6 23.6 22.2 21.9 72.8 98.9 167.4 0.712 
2500 25.1 23.4 23.4 22.1 21.9 61.0 80.7 133.1 0.708 
3000 25.0 23.2 23.2 21.8 21.5 52.3 67.6 109.2 0.698 
4000 24.8 23.0 23.0 21.5 21.1 42.6 53.8 82.5 0.683 
5000 24.6 22.8 22.8 21.3 20.8 37.3 45.9 67.7 0.666 
6000 24.5 22.6 22.6 21.1 20.6 33.9 41.0 58.5 0.648 
8000 24.3 22.4 22.4 20.8 20.2 30.0 35.4 47.8 0.613 
10000 24.2 22.2 22.2 20.6 20.0 27.8 32.2 41.7 0.574 
12000 24.1 22.1 22.1 20.5 19.9 26.4 30.2 37.9 0.538 
15000 23.9 21.9 21.9 20.3 19.7 25.1 28.4 34.3 0.487 
20000 23.7 21.8 21.7 20.1 19.5 23.7 26.5 30.7 0.402 
25000 23.6 21.6 21.6 19.9 19.3 22.9 25.4 28.6 0.326 
30000 23.5 21.5 21.5 19.8 19.2 22.4 24.7 27.3 0.263 
40000 23.3 21.3 21.2 19.6 18.9 21.7 23.8 25.7 0.174 
50000 23.1 21.1 21.1 19.4 18.8 21.3 23.3 24.6 0.112 
60000 23.0 21.0 21.0 19.3 18.7 21.0 22.9 23.9 0.064 
75000 22.9 20.9 20.8 19.3 18.6 20.6 22.5 23.2 0.030 
100000 22.8 20.7 20.7 19.1 18.4 20.3 22.1 22.5 0.005 
120000 22.7 20.6 20.6 19.0 18.3 20.1 21.9 22.1 0.000 
150000 22.6 20.6 20.5 18.9 18.2 19.9 21.6 21.7 0.004 
200000 22.4 20.4 20.4 18.7 18.1 19.6 21.3 21.2 0.015 
300000 22.3 20.3 20.2 18.5 17.9 19.4 21.0 20.8 0.037 
Table D.22. Capacitance response at a range of relative humidities. The applied ac voltage 
was 1 Vac. Impedance readings are recorded in pico farads. 
194 

